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ABSTRACT 


This  study  was  designed  to  obtain  a  better  understanding  cf  the 
thennal  decomposition  processes  pertaining  to  three  different  step- 
growth  polymers  (Nylon  6,  polyethylene  terephthalate  (PET),  and  poly¬ 
carbonate).  An  intensive  analytical  study  of  thermal  degradation  has 
been  carried  out  on  these  step-growth  polymers.  Further  studies  were 
conducted  on  the  Nylon  6  polymer  containing  non-reactive  halcgen-based 
fire  retardants. 

Prior  to  the  degradation  studies,  each  polymer  was  characterized 
by  elemental  analysis  and  infrared  spectroscopy.  Thermal  analyses  of 
samples  were  carried  out  using  a  fiettler  Thermoahalyzer.  Tne  effects 
of  heating  rate  and  environment  on  the  degradation  processes  c*  step- 
growth  polymers  were  analyzed  using  thermal  analysis  technic^es. 

The  polymeric  samples  were  decomposed  in  both  inert  and  oxidative 
environments.  Low-boiling  volatiles  (gases)  resulting  from  pyrolysis 
and  oxidative  degradation  were  identified  and  quantitated  using  a 
computerized  gas  chromatograph/mass  spectrometer  (GC/MS)  syster  which 
provides  both  GC  retention  indices  and  mass  spectra  for  each  csrpon- 
ent.  The  evolution  of  carbon  monoxide  was  determined  by  interfacing 
a  non-dispersive  infrared  spectrometer  to  the  pyrolysis  apparatus. 

The  high-boiling  volatiles  (aerosols)  which  were  often  recovered 
in  the  form  of  a  viscous  oil  were  analyzed  using  high  performance  liq¬ 
uid  chromatography  (HPLC),  elemental  analysis  and  infrared  spectro¬ 
scopy.  Solid  residues  which  appeared  as  char,  particulates  and  polymer 


fragments  were  also  characterized  using  elemental  analysis  and  H?LC 
techniques. 

Using  the  combined  quantitative  data  from  the  analysis  of  low- 
boiling  volatiles,  high-boiling  volatiles  and  solid  residues,  a  mate¬ 
rial  balance  was  obtained  for  the  three  different  step-growth  pc*y~ers 
during  pyrolysis  and  oxidative  degradation. 

The  study  of  the  degradation  products  and  the  thermal  behavior 
of  Nylon  6,  PET  and  polycarbonate  polymers  led  to  the  development  of 
proposed  thermal  degradation  mechanisms.  These 'mechanisms  were  found 
to  be  different  for  each  basic  polymer  structure. 
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CHAPTER  I 


INTRODUCTION' 

During  the  past  few  decades,  polymeric  materials  have  replaced 
many  natural  materials  and  become  quite  common  in  diversified  market 
areas  which  include  cellular  plastics,  reinforced  composites,  coatings, 
elastomers,  fibers  and  textiles.  An  important  class  of  polymers,  known 
as  step-grov;th  or  condensation  polymers,  have  become  commodity  mater¬ 
ials  which  are  used  in  multibillion  pound  quantities  on  an  annual  basis. 
Among  this  important  class  of  polymers,  both  Nylon  and  polyethylene 
terephthalate  (PET)  are  used  as  fibers  for  wearing  apparel  and  furnish¬ 
ings,  while  a  newer  polymer,  polycarbonate,  is  finding  increased  utili¬ 
zation  as  an  engineering  plastic. 

As  the  use  of  synthetic  polymers  has  increased  in  commerce,  there 
has  been  an  increasingly  greater  number  of  reports  pertaining  to  their 
involvement  in  unwanted  fires.  The  performance  of  synthetic  polymers 
during  fire  exposure  may  vary  considerably  from  that  of  many  natural 
materials  which  they  have  replaced.  The  linear  step-growth  polymers 
may  often  depolymerize  rapidly  when  placed  in  contact  with  an  ignition 
source.  During  such  exposure  these  polymeric  materials  may  propagate 
a  flame  more  rapidly  than  natural  materials.  Some  classes  of  polymers 
may  release  greater  amounts  of  heat  during  thermal  decomposition  than 
more  conventional  natural  materials.  The  decomposition  process  is  of¬ 
ten  accompanied  by  the  release  of  dense  smoke  and  a  wide  variety  of 
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combustion  products  net  frecuently  observed  during  the  thermal  degra¬ 
dation  of  natural  materials. 

An  increasing  public  awa»-eness  concerning  injury  and  losses  due 
to  fire  has  required  ra-  material  suppliers,  plastics  manufacturers, and 
fabricators  to  impart  a  higher  degree  of  fire  retardancy  in  their  pro¬ 
ducts  than  was  previously  necessary.  The  use  of  fire  retardant  addi¬ 
tives  has  not  always  imparted  the  desired  degree  of  improvem.ent  and  to- 
date  the  success  achieved  via  this  route  has  been  limited  at  best. 

Often  the  degree  of  improvement. in  the  flammability  characteristics  of 
these  polymeric  materials  has  been  marginally  sufficient  to  meet  curr¬ 
ent  regulatory  recuirener.ts.  These  fire  standards,  according  to  the 
author’s  opinion,  are  not  sufficient  to  warrant  this  approach,  inasmuch 
as  many  flame  retarded  polymeric  materials  still  ignite  and  propagate 
rapidly.  Many  fJa.me  retardant  polymeric  materials  produce  a  greater 
quantity  of  smoke  and  a  higher  concentration  of  potentially  toxic  de¬ 
composition  products  than  do  the  non-retarded  polymers.  Recent  studies 
have  indicated  the  possible  formation  of  highly  toxic  species  during 
the  combustion  of  fire  retarded  polymers. Other  studies  have 
questioned  the  safety  of  utilizing  many  organophosphorous-based  fire 
retardants  without  a  proper  pre-market  toxicological  screening  to  as¬ 
sure  their  safe  use.^^^ 

Recent  Federal  Standards  provided  mandatory  guidelines  for  the  use 
of  fabrics  in  children’s  sleepware,^^^  carpeting, automotive  uphol¬ 
stery,^®^  and  mattresses. Millions  of  square  feet  of  fabric  have 
been  produced  during  the  past  several  years  which  have  met  or  exceeded 
these  standards  through  the  incorporation  of  a  wide  variety  of  fire 
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retardants.  It  should  be  noted  that,  prior  to  the  recent  eractr.ent  of 
the  Federal  Toxic  Substances  Act,  there  were  little,  if  ary,  regula¬ 
tions  pertaining  to  toxicological  evaluation  of  either  the  irterrediate 
fire  retardants  or  the  fire-retarded  products.  In  fact,  there  is  no 
widely  acceptable  protocol  available  at  this  tine  which  is  used  to  ev¬ 
aluate  the  potential  toxicity  of  fire  retardants  or  fire-retarded 
products. 

ro\ 

Blun  and  Anes^  ‘  indicated  that  the  use  of  the  flame-retardant 

chCTical  tris^2,3-dibro":cpro?xyl )phosphate  used  with  blends  of  natural 

and  step-growth  polyr.eric  fabrics  created  a  potential  carcinogenic 

threat  to  h./"ans.  As  yet,  incornplete  studies  conducted  by  the  National 
(oi 

Cancer  Institute^^^  have  indicated  that  this  fire  retardant  and  a  rajor 
contaminant  (1 ,2-dibroro-3-chloropropane)  were  potent  carcinogens.  In 
view  of  these  results,  the  Consumer  Product  Safety  Conrission  has  ban¬ 
ned  further  use  of  this  fire-retardant  fabric  system. 

Insufficient  data  is  available  pertaining  to  the  mecharisr  of 
thermal  degradation  and  combustion  of  natural  and  synthetic  materials. 
Even  less  information  is  available  relating  to  the  parameters  affecting 
the  thermal  degradation  mechanism,  such  as  rate  of  heating,  heat  flux 
impingement  and  the  effect  of  environment. 

The  purpose  of  this  research  program  was  to  develop  information 
pertaining  to  the  thermal  decomposition  of  selected  step-growth  poly¬ 
mers.  The  commercial  importance  of  this  class  of  polymers  is  obvious 
from. the  fact  that  90'=  of  the  synthetic  fabrics  used  world-wide  are 
produced  using  Nylon  6,  Nylon  66,  PET,  or  acrylonitrile  polymers. 

Three  widely  different  step-growth  polymers — Nylon  6,  PET,  and 


polycarbonate  polyrers — were  selected  for  this  study.  A  major  objec¬ 
tive  of  this  investigation  was  to  determine  whether  or  not  these  diff¬ 
erent  classes  of  step-growth  polymers  decompose  via  identical,  similar, 
or  different  mechanisr.s. 

In  order  to  obtain  detailed  information  on  the  thermal  decomposi¬ 
tion  of  these  polymers,  this  study  has  been  designed  to  utilize  modern 
analytical  techniques"^®^  to  elucidate  changes  in  the  basic  polymer 
structure  and  to  analyze  the  decomposition  products  resulting  from 
pyrolysis  and  oxidative  degradation  of  these  step-growth  polymers. 
Specific  emphasis  has  been  directed  toward  the  analysis  of  the  low- 
boiling  volatiles  (cases),  high-boiling  volatiles  (aerosols),  and  solid 
residues  (particulates  and  chars)  resulting  from  the  decomposition  pro¬ 
cess  in  order  to  obtain  a  material  balance  between  the  polymer  and  the 
composition  of  the  combined  decomposition  products.  A  Mettler  Thermo¬ 
analyzer  Model  I  which  was  interfaced  with  a  computerized  gas  chromat- 
ograph/nass  spectrometer  (GC/MS)  system,  has  been  widely  used  in  this 
research. to  provide  a  controlled  reproducible  environment  and  rate  of 
heating. 

In  order  to  present  the  results  of  this  research  in  a  logical  fash¬ 
ion,  this  dissertation  has  been  organized  in  the  following  manner: 

(1)  a  review  of  the  polymer  chemistry  of  step-growth  polymers, 
including  Nylon  6,  PET, and  polycarbonate  polymers; 

(2)  a  general  review  pertaining  to  the  thermal  degradation  of 
polymers; 

(3)  the  results  of  an  extensive  literature  survey; 

(4)  a  description  of  the  equipment  and  analytical  methodology 
employed  in  this  study; 
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(5)  presentation  of  experimental  results  obtained  during  the 
study  of  the  selected  step-growth  polymers; 

(6)  sumary  and  conclusions  resulting  from  this  research  program; 
and 

(7)  reconiuendations  for  further  study. 

The  results  of  this  research  should  offer  new  insights  into  the  mech¬ 
anism  of  polymer  thermal  degradation,  as  well  as  providing  information 
useful  in  the  design  of  more  thermal ly-stable  polymeric  products. 


CHAPTER  II 


STEP-GROWTH  POLYMERS  (CONDENSATION  POLYMERS) 

A.  Introduction 

Nylon,  polyethyleneterephthalate  (PET),  and  polycarbonate  polyrers 
belong  to  the  class  of  step-growth  or  condensation  polymers. 
Carothers^^^ ^  defined  "condensation"  polymers  as  those  in  which  the 
molecular  formula  of  the  repat  unit  of  the  polymer  lacks  certain  ato-s 
present  in  the  monomers  from  which  it  is  formed.  This  is  a  definition 
based  on  stoichiometry,  for  example,  a  linear  polyester  is  formed  by 
typical  condensation  reactions  between  dicarboxylic  acids  and  diols 
with  the  elimination  of  water.  The  terms  "step-growth"  or  "step- 
reactions"  have  recently  replaced  the  older  term  "condensation."  These 
names  are  based  on  a  reaction  mechanism,  inasmuch  aS  step-growth  poly¬ 
mers  can  be  defined  as  those  which  grow  by  a  stepwise  reaction  mechan¬ 
ism  without  regard  to  loss  of  a  small  molecule  (e.g.,  polyurethanes  are 
formed  by  step-reaction  polymerization)  or  type  of  interunit  linkage 
(e.g.,  phenol-formaldehyde  resins  result  from  stepwise  polymerization, 
even  though  they  lack  interunit  functional  groups). 

Polyamides,  polyesters, and  polycarbonates  are  typical  examples  of 
the  step-growth  polymers,  characterized  by  the  linkages  of  -CNH-, 

II 

-C-0-,  and  -0-C-0-.  Polyamide,  polysiloxane,and  polyurethanS  are 

It  It 

o?her  examples^of  step-growth  polymers.  Table  1  lists  some  represen¬ 
tative  structures  of  step-polymerization. 
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B.  Polymerization 
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The  step-growth  polyrerization  is  distinguished  from  chain  poly¬ 
merization  by  its  nechanisr.  of  formation.  Chain  polymerization  common¬ 
ly  produces  chain-reaction  or  addition-polymers.  Some  of  the  conse¬ 
quences  of  the  difference  in  the  mechanisms  of  step-  and  chain-poly¬ 
merization  are  shown  in  Table  2. 

Step-growth  polymerization  is  also  characterized  by  polyfunctional 
monomers.  If  each  monomer  possesses  only  two  functional  groups,  linear 
polymers  are  produced.  In  the  example  of  the  polycondensation  reaction 
involving  a  diol  and  a  dibasic  acid,  the  first  stage  in  the  reaction 
is  the  formation  of  a  bifuncticnal  dimer. 

HO-R^-OH  +  HOOC-R2-COOH  -  H0-R.|-00CR2-C00H  +  H2O  (1) 

Diol  Dibasic  Acid  Dimer 

As  the  polymerization  reaction  proceeds  with  the  elimination  of  water, 
a  linear  high  molecular  weight  polymer  forms  as  a  result  of  esterifica¬ 
tion.  On  the  other  hand,  a  three-dimensional  network  structure  is 
usually  formed  if  the  functionality  of  one  or  more  of  the  reactants 
exceeds  two.  The  formation  of  polyurethane  and  phenol-formaldehyde 
polymers  are  typical  examples  of  polymers  having  a  network  structure 
resulting  from  the  reaction  of  polyfunctional  monomers. 

C.  General  Properties  of  Step-Growth  Polymers 

Various  kinds  of  monomers  can  be  used  for  step  polymerization 
(e.g.,  acids,  acid-chlorides,  aminesj  alcohols,  phenols  and  isocyanates. 
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Table  2.  Distinguishing  Features  of  Step-Growth-  and 
Chain-Polyneri zati on  Meehan i sns 


Step-grov/th 

Polyn^erization 

Chain 

Polymerization 

Any  two  nclecular  species 
present  can  react. 

Only  growth  reaction  adds  re¬ 
peating  units  one  at  a  time 
to  the  chain. 

Mononer  disappears  early  in 
reaction;  at  DP  10,  less 
than  1'.  monoT.er  rerrains. 

^tonomer  concentration  decreas¬ 
es  steadily  throughout  reac¬ 
tion. 

Polymer  molecular  weight 
rises  steadily  throughout 
reaction. 

High  polymer  is  formed  rapidly. 

Long  reaction  times  are 
essential  to  obtain  high 
molecular  weights. 

Long  reaction  times  give  high 
yields  but  affect  molecular 
weight  little. 

At  any  stage  all  molecular 
species  are  present  in  a 
calculable  distribution. 

Reaction  mixture  contains  only 
monomer,  high  polymer  and 
about  10"8  part  of  growing 
chains. 
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etc.)  and  nimerous  ccrti^aticns  cf  these  nononers  are  possible.  In 
other  words,  one  can  cesirn  polymers  with  desirable  properties  by 
selecting  co-.bine tiers  of  'cnorers  based  on  structural  configuration. 
The  possibility  of  cha-'o-’-g  properties  of  step-growth  polymers  is  much 
greater  than  that  of  aodition  pol/rers,  which  usually  possess  only 
carbon  chain  backbones.  For  exarsle,  so-called  high- temperature  poly¬ 
mers,  such  as  artratic  pclya-ides,  polyimides,  and  polybenzimidazoles, 
are  produced  by  using  the  techniques  of  step-growth  polymerization  be¬ 
cause  the  incorporation  cf  beteroatons  or  aromatic  rings  into  the  main 
chains  of  polymer  can  be  easily  carried  out.  By  changing  monomeric 
species,  one  can  also  d^fgn  relatively  unstable  polymers  (designed 
for  certain  uses)  in  •mi ch  main  chains  easily  degrade  chemically  or 
physically.  The  incerporatien  of  specific  monomers  permits  the  design 
of  polymer  possessing  a  wide  range  of  thermal,  chem.ical  or  physical 
stability.  This  broad  range  of  general  properties  makes  it  difficult 
to  expect  Connor,  behavior  and  mechanisms  during  the  thermal  degradation 
of  the  step-reaction  polyers. 

D.  Utilization  of  Step-Srewtn  Polymers 

Table  3  contains  a  sjonary  of  the  annual- vol ume  of  major  step- 
growth  polymers  in  recer!*  years.  The  use  of  addition  polymers  is  also 
listed  for  comparison. 


step-growth  Polymers  Addition  Polymers 


Table  3.  Use  of  Kajor  Plastics  and  Fibers  in  the 

United  States 


Alkyd 

Cellulosics 
Epoxy 

Nylon  —  fiber 
plastic 

Phenol ic 

Polyester  —  fiber 


plastic 


Polyurethane 

Polycarbonate 


Unsaturated  polyester 


Acrylic  —  fiber 
plastic 

Polyethylene  —  high  density 


low  density 


Polypropyl ene 


Polystyrene  and  copolymers  • 
Polyvinyl  chloride  &  copolymers 


1000  metric  tons 


Other  vinyls 


CHAPTER  III 


TH£Rr-*AL  DE£=A:ATI0N 

A.  Introduction 

The  thermal  degradaticr,  of  polymeric  materials  is  a  very  complex 
process;  little  fundamental  information  is  available  pertaining  to  the 
mechanisms  of  decomposition  occurring  at  high  temperatures.  Degrada¬ 
tion  has  been  shown  to  occur  via  several  concomitant  reactions.  Even 
a  simple  decomposition  process  that  results  in  the  evolution  of  low- 
molecular  weight  compounds  into  the  gas  phase  will  generally  involve 
several  independent  reactions. 

In  the  case  of  the  thermal  degradation  of  polymers,  a  variety  of 
factors  may  lead  to  a  perturbation  of  the  decomposition  process.  V.'i th¬ 
in  a  given  generic  class  of  polymers,  degradation  mechanisms  may  vary, 
depending  upon  the  molecular  weight,  the  molecular  weight  distribution, 
terminal  groups,  the  degree  cf  unsaturation,  steric  factors,  crystal¬ 
linity,  etc.  Environmental  factors,  such  as  oxygen  concentration, 
temperature,  heating  rate,  as  well  as  size,  orientation  and  configura¬ 
tion  of  the  material  undergoing  decomposition  can  modify  the  decomposi¬ 
tion  process. 

Numerous  references  ray  be  found  in  the  literature  describing 
thermal  decomposition  reactions. Einhorn^^’^®’^^^  and 
Madorsky^^^^  have  presented  major  reviews  of  polymer  thermal  decompo¬ 
sition  mechanisms.  Some  of  the  principal  processes  involved  in  polymer 


thertTial  degradation  will  be  covered  within  this  chapter. 

B.  Modes  of  Themal  Degradation 

Thermal  degradation  can  occur  under  three  different  modes: 
pyrolysis,  oxidative  thermal  degradation, and  flaming  combustion. 
Pyrolysis  is  defined  as  thermal  degradation  which  proceeds  in  the 
absence  of  oxygen.  Experimentally,  pyrolysis  may  be  carried  out  in  an 
inert  gas  such  as  helium,  nitrogen  or  argon,  or  under  vacuum.  Pyroly¬ 
sis  can  occur  in  polymeric  materials  under  conditions  encountered  in 
normal  use.  An  example  of  such  a  process  may  be  observed  when  inter¬ 
ior  surfaces  of  wire  insulation  decompose  thermally  in  the  absence 
of  oxygen  as  might  be  encountered  during  a  period  of  electrical  over¬ 
load.  The  mechanisms  which  govern  pyrolysis  are  generally  less  complex 
than  those  encountered  during  thermal  decomposition  or  flaming  combus¬ 
tion. 

Polymers  usually  decompose  in  the  presence  of  air  and/or  oxidizing 
agents  through  oxidative  thermal  degradation  at  elevated  temperatures. 
Thermal  oxidative  degradation  is  generally  very  complex,  since  it  in¬ 
volves  both  thermal  decom.position  reactions  and  oxidation  reactions. 
Thermal  oxidative  degradation  may  involve  uncontrollable  flaming  com¬ 
bustion  which  complicates  study  of  the  polymer  degradation  mechanism. 

C.  Major  Mechanisms  of  Thermal  Degradation 

The  thermal  decomposition  reactions  on  polymeric  materials  can  be 
classified  into  the  following,  four  categories:  depolymerization, 
random  chain  scission,  side  chain  reaction.and  crosslinking.  These 
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reactions  rr.ay  occur  individually  or  sir.ul taneously,  depending  on  the 
type  of  polymer,  the  temperature  and  the  initiating  processes. 

1 .  Depolyrerization 

Depolynerization  is  a  process  in  which  monomer  units  are  released 
from  the  polymer  chain  ends.  Such  a  process  can  be  viewed  as  a  retro¬ 
grade  propagation  step  in  an  addition  polymerization.  Hence,  it  is 
frequently  called  an  unzipping  reaction.  It  should  be  realized  the  de¬ 
polymerization  does  not  necessarily  require  initiation  at  the  chain 
ends  of  polymer  molecules.  Any  weak  linkage  in  a  polymer's  structure 
may  serve  as  the  focal  point  for  initiation  of  degradation  processes. 
The  products,  thus  formed,  are  composed  mainly  of  the  monomer  from 
which  the  polymer  was  produced.  Depolymerization  reactions  are  encoun¬ 
tered  most  prevalently  with  vinyl  polymers  and  polymers  produced  from 
cyclic  monomers.  Typical  examples  of  the  polymers  which  decompose 
thermally  via  a  depolymerization  process  may  be  found  in  Table 
The  conversion  to  monomer  is  nearly  quantitative  for  polymethyl  meth¬ 
acrylate  and  poly-i-methyl  styrene.  This  indicates  the  degradation 
reaction  for  these  polymers  is  depolymerization.  The  concentration  of 
monomeric  compound  in  degradation  products  can  be  used  as  a  good  indi¬ 
cator  for  distinguishing  the  degradation  mechanisms. 

2.  Random  Chain  Scission 

Random  chain  scission  can  be  visualized  as  a  reaction  sequence 
approximating  the  reverse  of  polycondensation.  Chain  scission  occurs 
at  random  points  along  the  chain,  leaving  fragments  of  relatively  high 


Table  4.  Thermal  Dectrccstti on  Characteristics  of 


Polyciers  iTnich  Fcrc  Large  Quantities 
of  !fcrKs:;er 


Polyirier 

Asproxirate 
Tejrperature 
of  Pyrolysis 
(=C) 

Conversion 

to 

Konorer 
(  ) 

. 

Polymethacrylonitrile 

250 

85 

Polynethyl  r^thacrylate 

350 

100 

Polystyrene 

350 

65 

Poly-i-nethyl  styrene 

350 

100 

Polyisoprene 

370 

46 

Poly-a-methyl  styrene 

390 

44 

Polyisobutylene 

400 

46 

Pol y tetraf 1 uoroethyl ene 

600 

86 
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molecular  weight.  This  type  of  reaction  is  featured  by  the  rapid  de¬ 
crease  in  the  molecular  weight,  followed  by  the  formation  of  a  wide 
variety  of  compounds.  The  major  primary  products  produced  by  random 
scissions  are  oligomers  of  varying  molecular  weights  which  further  de¬ 
compose  via  secondary  reactions  at  higher  temperatures  to  form  volatile 
low-molecular  weight  compounds.  The  formation  of  monomers  is  usually 
low  in  random  chain  scission  decomoosition.  Polyethylene,  polypropy¬ 
lene  and  most  step-growth  polyT::ers  degrade  thermally  via  random  chain 
scission  processes.  Table  5  contains  examples  of  polymers  which  de¬ 
grade  to  yield  little  or  no  monomer  via  random  chain  scission 
fl9) 

reactions.'  ' 

3.  Side  Chain  Reaction 

In  some  types  of  polymers,  such  as  polyvinyl  chloride,  polyvinyl 
acetate  and  polyvinyl  alcohol,  which  have  electronegative  groups  X 
(where  X  =  Al,  OAc  and  OH,  respectively),  the  elimination  of  HX 
from  side  chains  is  more  favored  than  the  scission  of  main  chains. 
Generally,  hydrogens  adjacent  to  X  groups  are  eliminated  almost  quan¬ 
titatively  in  this  process,  introducing  conjugated  double  bonds  systems 
(polyene  structure)  in  the  residual  main  chains.  This  polyene  struc¬ 
ture  proceeds  via  crosslinking  reactions  and  is  converted  to  a  char 

structure  at  high  temperature. 

(on  21 1 

Recent  studies'  have  indicated  that  the  polyene  may  rupture 

to  form  aromatic  hydrocarbons,  such  as  benzene  or  toluene.  A  branch 
structure  in  a  polymer  chain  may  be  a  weak  site  which  is  susceptible  to 
thermal  decomposition.  Low  density  polyethylene  is  an  example  of  such 


Table  5.  Thennal  Deco-oosition  Characteristics  of  Polymers  Which 

Fonr  little  or  Monomer 


Polymer 

Temperature  of 
Cor.pl  ete 
Pyrolysis  ('C) 

Oeccrocsition  Products 

Residue 

High  Boiling 

Polyvinyl  Acetate 

280  (Vac.) 

Acetic  Acid 
hydrocarbons 

Carbon 

Polyacrylonitrile 

350  C.^) 

HCN 

N-containing 

fractions 

65': 

Polypropylene 

410  (Vac.) 

Hydrocarbons 

Paraffin 
Fraction  97:. 
MW  (200) 

Polyvinyl 

chloride 

440 

51.9-:;  HCl. 
Unsat- 
Hydro- 
cartcns 

Unsat. 

Hydro¬ 

carbons 

231-  with 
1.2';  Cl  2 

Polyvinyl idene 
chloride 

440  {'i^) 

1 

67. HCL 

28S  with 

12.1?;  Cl2 

Polybutadiene 

420  (Vac.) 

rydrccartx)ns 

i 

! 

1 

93%  Frac¬ 
tions 

MW  666-784 

L i ttl e 

Polyethylene 

475  (Vac.) 

Hydrocarbons 
^3  ■  ^'IS 

Paraffin 

Fractions- 

96?; 

MW  690 
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a  polymer. 

4.  Cross! inking 

Some  types  of  polymers  undergo  crosslinking  reactions  during  the 
exposure  to  heat,  which  results  in  insoluble  and  infusible  network 
structures.  The  formation  of  cross! inked  structures  during  thermal 
degradation  reactions  can  be  attributed  to  many  factors,  such  as  the 
recombination  of  polymer  radicals  or  the  extensive  reactions  of  multi¬ 
functional  groups  which  were  present  in  the  original  monomer  and 
could  not  react  due  to  steric  factors. 

In  general,  aliphatic  gels  which  form  during  the  initial  stages 
of  thermal  degradation-  are  weak  and  decompose  completely  to  low-mole¬ 
cular  compounds  at  elevated  temperatures.  Aliphatic  polymers  which 
have  crosslinked  structures  originally,  such  as  those  found  in  rubbers 
and  unsaturated  polyester  polymers,  also  tend  to  decomipcse  completely 
at  high  temperatures.  On  the  other  hcnd,  the  so-called  high-tempera- 
ture  polymers  which  often  contain  aromatic  groups  and/or  heterocyclic 
rings  in  the  chain  structure,  often  form  stable  char  structures.  In 
the  thermal  degradation  of  these  latter  polymers,  the  crosslinking 
reactions  are  dominant  over  the  chain  scission  reactions  because  of 
resonance  stability  and  intermolecular  bonding,  such  as  tt  bonding. 

D.  Factors  Affecting  Thermal  Degradation  of  Polymeric  Materials 

The  factors  which  can  affect  thermal  degradation  are  classified 
as  either  intrinsic  or  extrinsic.  Intrinsic  factors  are  those  which 
are  dictated  by  the  inherent  properties  of  polymers.  These  include 
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cohesive  energy  densities,  bond  dissociation  energies,  hydrogen  bond¬ 
ing,  steric  hindrance,  specific  heat,  thenral  conductivity,  molecular 
weight,  molecular  weight  distribution, and  polymer  morphology.  Addit¬ 
ives,  such  as  pigments,  reinforcing  agents,  plasticizers,  colorants, 
anti-static  agents  and  fire- retard ants,  may  also  affect  the  intrinsic 
properties  of  polymers.  Extrinsic  factors  are  those  which  are  control¬ 
led  by  conditions  of  thermal  degradation  reactions.  They  are,  for 
example,  temperature,  rate  of  heating,  heating  source,  size  and  shape 
of  samples,  and  oxygen  concentration.  The  most  significant  factors 
will  be  discussed  in  depth  in  the  following  subsections. 

1.  Intrinsic  Factors 

Dissociation  or  bond  ene>*ni£s.  Dissociation  or  bond  energy 
is  defined  as  the  energy  recuired  to  rupture  bonds.  It  is  an  important 
factor,  since  most  thermal  degradation  processes  are  initiated  by  a 
thermally  induced  hemolytic  bond  cleavage  to  form  free  radical  species. 
Initiation  will  occur  at  the  weakest  point  in  a  polymer  structure. 

The  bond  energies  of  linkages  commonly  ^countered  in  polymeric  mate¬ 
rials  are  presented  in  Table  A  review  of  the  data  shov/n  in  Table 

6  clearly  indicates  that  it  is  desirable,  from  the  aspect  of  thermal 
stability,  to  incorporate  functional  croups  which  have  high  bond  dis¬ 
sociation  energies.  Bond  energies  vary,  depending  on  the  nature  of  the 
chemical  bond  and  nearby  elements.  For  example,  in  the  case  of  C-C 
bond,  the  bond  energy  for  a  tertiary  alkyl  branch  is  approximately  20 
kcal/mole  weaker  than  a  normal  C-C  bond,  since  a  tertiary  alkyl  radical 
resulting  from  a  bond  rupture  is  stabilized  by  hyperconjugation  effects. 


Bonds 

Dissociation  Energy 
(kcal/nole) 

C-N 

49' 

-  60 

C-C 

59 

-  70 

C-0 

70 

-  75 

N-h 

84 

-  97 

C-H 

87 

-  94 

0-H 

101 

-  no 

C=C 

100 

-  125 

C=0 

142 

-  166 

C-Br 

54 

C-C1 

67 
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The  bond  energies  of  vinyl  and  phenyl  groups,  on  the  other  hand,  are 
approximately  10  kcal/mole  higher  than  a  normal  C-C  bond. 

Cohesive  energy.  The  cohesive  energy  pertains  to  secondary  bond 
forces  which  lead  to  the  aggregation  of  molecules  in  solid  and  liquid 
phases.  It  is  the  total  energy  necessary  to  remove  a  molecule  from 
the  liquid  or  solid  material.  Low  cohesive  energies  permit  the  mole¬ 
cule  to  volatilize  easily  and  thus  fosters  thermal  decomposition.  Co¬ 
hesive  energy  is  increased  by  the  introduction  of  polar  groups  into 
the  polymer  structure.  If  the  cohesive  energy  exceeds  the  primary 
bond  energies,  the  polymer  molecules  will  decompose  before  they  vola¬ 
tilize.  This  decomposition  may  lead  to  char  formation  because  the 
crosslinking  would  proceed  faster  than  the  evaporation  of  decomposition 
products.  Cohesive  energy  values  for  chemical  groups  found  in  many 
polymers  are  given  in  Table  A  review  of  Table  7  indicates  that' 

the  incorporation  of  ester,  aromatic,  amide,  urethane  and  urea  groups 
into  the  polymer  will  raise  the  cohesive  energy  and  would  be  expected 
to  improve  the  thermal  stability  of  the  material  and  increase  char 
formation  when  thermally  degraded. 

Hydrogen  bonding.  Hydrogen  bonding  is  defined  as  the  secondary 
bonding  between  hydrogen  and  strongly  electronegative  atoms,  such  as 
oxygen.  It  has  a  tendency  to  raise  the  cohesive  energy  and  the  melting 
point  of  the  polymer.  For  example,  in  Nylon  and  urethane  polymers,  an 
increase  in  hydrogen  bonding  leads  to  higher  melting  points  which  tend 
to  favor  thermal  stability. 

Steric  hindrance  in  polymer  structures.  Some  types  of  polymers 
are  assumed  to  have  unstable  structures  due  to  the  steric  hindrance  by 


Table  7.  Molar  Cohesive  £ne*^  Cf  Crcar.ic  Groups 


Group  Cohesive  Energy, 

kcal./rtole 


— CHg—  {Hydrocarbon)  0.68 

— 0—  (Ether)  1.00 

—COO—  (Ester)  2.90 

— CgH^—  (Aronatic)  3.90 

— CONH—  (Ar.ide)  8.50 

— OCONH—  (L'rethane)  8.74 


— NHCONH—  (urea) 


10.64 
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substituents.  This  effect  is  typically  recognized  in  a.a-disubstituted 
vinyl  polymers.  The  bulkiness  of  two  substituents  attached  on  the  same 
a  carbon  hinders  the  free  rotation  of  C-C  bond  in  a  main  chain,  and  the 
bond  energy  of  the  C-C  bond  for  this  type  of  polymer  is  weakened  by  the 
order  of  5-8  kcal/mole,  as  compared  to  a  C-C  bond  without  bulky  sub¬ 
stituents. 

Thus*  a  depolymierization  reaction  is  quite  dominant  in  the  thermal 
degradation  of  a.o-disubstituted  vinyl  polymers,  such  as  polymethyl 
methacrylate,  methacrylonitrile,  polyisobutylene,  and  poly-a-methyl 
styrene.  As  shown  in  Table  4,  the  principal  products  produced  during 
the  pyrolysis  of  these  polymers  are  the  monomers  from  which  they  were 
formed. 

The  effect  of  the  steric  hindrance  in  the  polymer  structure  was 

f23) 

quantitatively  explained  by  using  the  heat  of  polymerization.' 

Table  8  summarizes  heats  of  polymerization  (-^Hp)  for  selected  mono¬ 
mers. A  review  of  Table  8  indicates  that  heats  of  polymerization 
for  a,i-disubstituted  vinyl  monomers  is  considerably  lower  than  other 
non-substituted  and  monosubstituted  vinyl  monomers.  The  activation 
energy  of  depolymerization  can  be  expressed  as  the  sum  of  the 

activation  energy  of  the  chain  growth  reaction  (-Ep)  and  the  heat  of 
polymerization  (-IHp). 

■  iEp  -  iHp  (2) 

Since  AEp  for  radical  polymerization  reactions  ranges  between  4  to  7 
kcal/mole  and  is  rather  independent  of  monomeric  species,  the  activa¬ 
tion  energy  (AE^)  of  a, a-di substituted  polymers  and  aldehyde  polymers 
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Table  8.  Heats  of  Poly^erizatior.  I-iHp)  Of  Selected  Monomers 


Type  of 

Heats  of  Polymerization 

Monomer 

ysoracers 

(-cHp)  kcal./mole 

Ethylene 

21 .2 

Vinyl  Acetate 

21.2 

Monosubstituted 

Propyl ene 

19.5 

Vinyl  Monomer 

Methylacrylate 

18.5 

Acrylonitrile 

18.4 

. 

Styrene 

16.7 

Methylnetacryl ate 

13.3 

Disubstituted 

Met  ha  c  ryl  c  n  i  tr  i  1  e 

13.2 

Vinyl  Monomer 

I sobutyl ene 

12.9 

a-Methyl  Styrene 

i 

8.4 

Isoprere  i 

17.9 

Diene  ^tonomer 

Butadiene '  i 

1 

J 

17.6 

1  1 

Tetrafl uoreothyl ere 

37. 

Halogenated 

Vinyl  Monomer 

Vinyl  Chloride  ; 

• 

CM 

Vinyl idene  Chlorite  i 

i 

18. 

Formaldehyde  ! 

7.4 

Aldehyde 

Monomer 

1 

Isobutyl  Aldehyde  > 

3.8 

Chloral 

4.7 

lUiiiiiSiiidk 
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can  be  estimated  to  be  significantly  low.  In  fact,  a  polymer  which 
has  a  lower  heat  of  polymerization  than  13.3  kcal/mole  tends  to  under 
go  rapid  depolymerization. to  form  80-100  percent  of  monomeric  units. 
The  low  -iHp  values  for  aldehyde-based  polymers  can  be  explained  by 
the  intrinsic  instability  of  the  ether  linkage. 

Polymer  morphology.  When  thermoplastic  polymers  are  heated, 
they  generally  soften  or  melt  before  degradation.  Thus,  one  may  ex¬ 
pect  that  a  crystalline  polymer  would  require  a  larger  amount  of 
energy  input  to  degrade  thermally  than  amorphous  polymers.  This 
energy  is  consumed  to  overcome  both  strong  intermolecular  (Van  der 
Waals)  and  intramolecular  forces  that  lead  to  properties  such  as 
chain  stiffening.  An  increase  in  polymer  crystallinity  also  gener¬ 
ally  implies  an  increase  in  oxidative  stability  of  solid  polymers. 
This  may  be  explained  by  the  ease  of  penetration  of  oxygen  into  the 
polymer  structure. 

Some  other  intrinsic  factors  which  may  affect  thermal  degrada¬ 
tion  and  combustion  of  polymeric  materials  are  summarized  in  the 
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following  tables.  Table  9  includes  specific  heat,'  '  thermal  con- 
(191 

ductivity,'  '  and  melting  points  of  selected  polymers.  Table  10 
summarizes  the  temperature  of  auto-ignition  with  pilot  flame  and  the 
temperature  of  self-ignition  for  some  polymers  which  were  measured 
using  a  NBS  electric  furnace. Both  temperatures  for  polyethyl¬ 
ene  and  rigid  polyurethane  foam  are  rather  low,  while  the  tempera¬ 
tures  for  melamine  and  fiber-reinforced  polyester  are  high.  The  heat 

of  combustion  of  polymeric  materials  varies,  depending  upon  the  poly- 

(271 

meric  structures.  As  is  shown  in  Table  11,  the  polymers  formed 
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Table  9.  Specific  Heat,  Thermal  Conductivity, 
And  Melting  Point  of  Polyrers 


Specific 

Heat 

(cal/g=C) 

Thermal  Conduc¬ 
tivity 

lC*^cal/sec,cm2 

Melting 

Point 

Polyethylene 

0.55 

8.0-10.0 

220 

Polypropyl ene 

0.46 

2.8 

214 

Polytetrafl uoreothyl ene 

0.25 

6.0 

Polyacetal 

0.35 

1. 6-5.5 

205-226 

Nylon  6 

0-38 

5.9 

228 

Polycarbonate 

0.30  1  4.6 

i 

0.32  :  3.0 

220-230 

Polyvinyl idene  chloride 

212 

Polyvinyl  chloride 

0.20-0.23 

3.0-7. 0 

1  219^'P- 

Polystyrene 

0.32 

1. 9-3.3 

Ac  ryl  on  i  tr  i  1  e-  Bu  tad  i  ene- 
Styrene  Terpolymer 

0.30-0.40 

4.5-8. 0 

313 

1 

Polymethyl methacrylate 

0.35 

4.0-6.0 

i 

f 

Cellulose  acetate 

0.30-0.53 

4. 0-8.0 

1 

1 

Phenol -formaldehyde  resin 

0.3S-C.<2 

8.4 

— 

Epoxy  resin 

0.25 

4-5 

298^‘P' 

Table  10.  Flashing  and  Ignition  Teriperatures  of  Poisoners 


Material 

Flashing 

Temperature  (°C) 

Ignition 

Temperature  (°C) 

Polystyrene 

360 

495 

Polyethylene 

340 

350 

Polymethylnethacrylate 

338 

486 

Styrene  acrylonitrile 
copolymer 

366 

455 

Polyvinyl  chloride 

390 

455 

Polyurethane 
(rigid  foam) 

310 

415 

Phenolic  Resin 

— 

429 

Melamine 

475 

623 

Paper  (Newspaper) 

230 

230 

Cotton 

255 

255 

Pine  Wood 

260 

260 

Table  11.  Heats  of  Combustion  for  Selected  Polymers 


Material 

Heat  of  Combustion 
Ual/g) 

Polyethylene  (High  Density) 

11,140 

Polyethylene  (Low  Density) 

10,965 

i 

Polypropylene 

10,506 

Polystyrene 

9,604 

ABS 

8,424 

Polyamide 

7,371 

Pol  year bona te 

7,294 

Polynethylmethacrylate 

6,265 

Polybutyrate 

5,659 

Polyester  (unsaturated) 

4,494 

Polyvinyl  chloride 

4,315 

Polyacetal  (polyethylene  oxide) 

4,046 

Pol yi so butylene 

3,833 

Phenol ic 

3,219 

Polytetrafluoroethylene 

1,004 
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with  hydrocarbons,  such  as  polyethylene  and  polypropylene,  have  high 
values  for  heats  of  conibusticn. 

2.  Extrinsic  Factors 

Temperature.  Organic  polymers  usually  start  to  themally  degrade 
in  the  temperature  range  of  200-500’C,  producing  low  molecular  weight 
gases,  aerosols, and  solid  residues.  Secondary  reactions  occur  at  the 
elevated  temperature  ranging  from  500  to  lOOO'C,  which  further  decom¬ 
poses  the  initial  products  into  other  compounds.  If  we  use  Equation 
(3)  to  define  the  rate  constant  of  dissociation,  k: 

k  »  A  exp(-l£/PJ)  ,  (3) 

where  A  is  a  constant  at  the  order  of  19^^  sec’\  and  lE  is  the  acti¬ 
vation  energy  (assumed  to  be  close  to  the  dissociation  energy),  an  in¬ 
crease  of  AE  by  5  kcal  at  approximately  3j0’C  may  decrease  the  rate  of 
dissociation  (k)  by  a  factor  of  10  . 

Rate  of  heating.  The  rate  of  heating  nay  alter  the  mechanisms 
of  thermal  degradation  of  polymers.  At  fast  heating  rates,  high  tem¬ 
peratures  can  be  attained  before  low- temperature  pyrolysis  reactions 
proceed  significantly.  In  this  situation,  high-temperature  decomposi¬ 
tion  mechanisms  can  become  dominant.  At  very  high  temperatures  the 
chemical  bonds,  which  were  used  to  form  polymers,  can  be  broken  down 
simultaneously,  changing  the  nature  and  concentration  of  decomposition 
products. 

Thermal  analytical  techniques,  such  as  thermogravi metric  analysis 
(TGA),  differential  thermal  analysis  (DTA)  and  differential  scanning 
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calorinetry  (DSC)  are  generally  employed  to  study  the  thermal  degrada¬ 
tion  process  of  polymers. 

Questions  have  been  raised  as  to  the  validity  of  the  use  of  ther- 
mogravimetric  data  to  describe  thermal  degradation  at  high  heating 
rates.  In  most  TGA  experiments  the  rates  of  temperature  increase  are 
on  the  order  of  1®C  to  30°C  per  minute,  while  in  actual  end-use  appli¬ 
cations  rates  of  temperature  rise  may  be  several  orders  of  magnitude 

(29) 

higher.  Although  Melnick'  '  has  concluded  that  TGA  data  and  kinetic 
parameters  derived  therefrom  have  no  direct  connection  to  the  response 
of  a  material  at  high  heating  rates,  Seader^^^^  and  Einhorn  sr 
believe  that  thermogravimetric  analysis  does  provide  a  means  for  pre¬ 
dicting  thermal  decomposition  reactions  in  various  environments  which 
simulate  actual  degradation  conditions  that  are  encountered  in  use. 

Oxygen  concentration.  In  an  oxidative  environment,  polymeric 
materials  often  degrade  via  a  free  radical  initiation  mechanism.  The 
oxidative  reaction  is  mostly  the  chemistry  of  the  peroxy  radical,  RO2, 
which  is  initiated  generally  from  hydroperoxide  molecules  (R-O-O-H). 
During  the  course  of  the  auto-oxidation  reaction,  polymer  chains  are 
broken  and  radical  species  are  produced. 

Thermal  oxidative  degradation  in  polymers  may  occur  competitively 
with  pyrolysis  reactions.  The  nature  of  such  reactions  is  dependent 
uponthe  oxygen  concentration  and  the  nature  of  polymeric  structure. 
Oxygen  concentration  is,  therefore,  a  controlling  factor  in  the  com¬ 
bustion  of  natural  and  synthetic  polymeric  materials.  Also,  there  is 
a  minimum  level  of  oxygen  necessary  to  sustain  ignition  ard  combustion. 
It  should  be  noted  that  oxygen  may  permeate  well  below  the  surface  of 
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a  polymer.  Thus,  a  true  pyrolysis  reaction  may  not  often  be  found 
under  actual  use  conditions. 

Fenimore  and  Kartin^^^^  and  Martin^^^^  designed  a  test  procedure 
to  measure  the  limiting  oxygen  concentration  or  minirum  level  of  oxygen 
required  to  sustain  ignition  and  combustion.  This  procedure  (ASTM-2S 
63-70)  is  used  as  a  method  for  measuring  the  concentration  of  oxygen 
required  to  maintain  flaming  decomposition  of  polymeric  materials. 

Table  12  presents  the  limiting  oxygen  concentration,  som^etimes  called 
limiting  oxygen  index,  or  LOI,  for  selected  polymeric  material 

Additives.  Polymeric  materials  are  modified  by  the  incorporation 
of  inorganic  and  organic  additives.  Such  additives  ray  tend  to  enhance 
thermal  stability  and  combustion  characteristics.  Hcvjever,  improvement 
in  polymer  properties  does  not  always  result  as  a  consequence  of  such 
modifications.  For  example,  the  incorporation  of  inert  fillers,  such 
as  calcium  carbonate  and  aluminum  silicate,  may  dilute  the  quantity 
of  polymeric  material  available  to  deccrpcse  under  a  given  set  of  con¬ 
ditions,  thus  improving  the  apparent  resistance  to  thermal  degradation. 
On  the  other  hand,  the  incorporation  of  class  fibers  to  a  thermoplastic 
material,  such  as  Nylon  6,  may  stabilize  a  flam,ing  droplet  and  thus 
cause  more  rapid  polymer  decomposition  via  flaming  combustion. 

Organic  additives,  such  as  plasticizers  and  colorants,  may  act  to 
soften  polymers  and  facilitate  the  reverent  of  polymer  chains.  This 
effect  usually  lowers  the  degradation  te"*?erature  of  polymers  by  reduc¬ 
ing  the  intermolecular  energies  found  in  polymeric  materials. 

Fire  retardants  are  also  important  additives,  both  organic  and  in¬ 
organic  materials  are  used.  Fire  retardants,  generally,  decompose  at 


Table  12.  Limiting  Oxygen  Index  for  Selected  Materials 


Polymer 

* 

0  O2  /  (n  ©2  ♦  nN2) 

Polyoxymethylene  copolynier 

0.148  -  0.149 

Polyoxymethylene  homopolymer 

0.150 

Polyethylene  oxide 

0.150 

Polymethyl  methacrylate 

0.173 

Polyethylene 

0.174  -  0.175 

Polypropylene 

0.174 

Polystyrene 

O.lBl 

Epoxide  (conventional  resin) 

0.193 

Epoxide  (cycloaliphatic) 

0.19S 

Chlorinated  polyethylene 

0.211 

Polyvinyl  alcohol 

0.225 

Polyvinyl  fluoride 

0.225 

Chlorinated  polyether 

0.232 

Polycarbonate 

0.260  -  0.280 

Polyphenylene  oxide 

0.280  -  0.290 

Polyamide 

0.250 

Polyvinyl idene  fluoride 

0.437 

polyvinyl  chloride 

0.490 

Polyvinyl idene  chloride 

0.600 

Polytetrafluoroethylene 

0.950 

*n  O2  *  number  of  moles  of  oxygen  present  in  mixture,  and 
n  N2  •  number  of  moles  of  nitrogen  present. 


lower  te.'Tiperatures  than  non- fire-retarded  pcl:.'"ers,  which  act  to  pro¬ 
vide  reactive  species,  such  as  free  halogens  and  phosphoric  acid. 

For  further  information  consult  books  and  review's  by  Einhorn,^^’^^’^^^ 
Kasen,^^^^  Lyons, Cullis,^^^^  Kuryla  and  Papa,'””'  Hilado,^^^^ 
and  Konishi.^^^^ 


CHAPTER  IV 


ANALYTICAL  METHODOLOGY 

A.  Apparatus 

The  various  instrumental  systems  used  in  this  study  are  described 
in  this  chapter.  They  included  a  computerized  interfaced  gas  chromato¬ 
graph  quadrupole  mass  spectrometer  system,  a  thermoanalyzer,  a  grating 
infrared  spectrophotometer, and  a  non-dispersive  infrared  spectrom.eter. 

A  high-pressure  liquid  chromatograph  and  an  elemental  analyzer  were 
also  employed  (carbon,  hydrogen,  nitrogen  and  oxygen). 

1 .  Gas  Chromatcqrash/Mass  Spectrometer  Svste" 

A  major  portion  of  the  work  described  in  this  thesis  was  performed 
on  a  Model  5930A  Hewlett-Packard  dodecapole  mass  spectrometer  system, 
which  will  be  described  only  briefly;  the  reader  is  referred  to  a 
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recently-published  description  of  the  apparatus  for  more  details.' 

The  Hewlett-Packard  mass  spectrometer  employs  an  electron  impact 
ion  source  connected  to  a  dodecapole  mass  filter  with  a  mass  range  of 
1  to  650  amu.  Sensitivity  for  most  organic  compounds  is  in  the  nano¬ 
gram  to  pi  cogram  level  over  the  entire  mass  range.  The  dodecapole  de¬ 
sign  incorporates  all  of  the  advantages  of  the  well-known  quadrupole 
mass  filters,  such  as  a  linear  mass  output,  fast  scanning  without  hys¬ 
teresis  and  efficient  interfacing  to  a  gas  chromatograph  (GC)  and 
computer.  Because  this  instrument  does  not  need  ion  slits  or  aperatures 
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it  may  be  tuned  for  high  ion  transmission  efficiency,  providing  a  high 
level  of  sensitivity.  The  Hewlett-Packard  gas  chror^tograph/mass 
spectrometer  (GC/KS)  system  also  has  a  totally  compatible  data  acquisi¬ 
tion  and  retrieval  system  to  facilitate  routine  analysis.  A  Hewlett- 
Packard  Model  2100S  Microprogrammable  Systems  Computer,  equipped  with 
32K  core  of  memory  and  a  movable  head  disc,  minimizes  operator  inter- 

.  I 

'■  '  ■  i 

cention  for  analysis  and  controls  all  mass  spectr&meter  functions  dur¬ 
ing  data  acquisition.  Input/output  devices  for  the  computer  are  a 
high-speed  paper  tape  reader  and  a  Textronix  Model  4012  Display  Termin¬ 
al  (CRT).  Several  peripheral  devices  are  available  for  data  display; 
a  digital  x-y  plotter,  a  line  printer,  or  a  Textronix  hard-copy  unit 
by  way  of  the  CRT  terminal.  The  mass  spectror.eter  itself  contains  an 
oscilloscope,  a  strip-chart  recorder  and  a  light  beam  oscilloscope  for 
off-line  display  of  the  data.  Two  magnetic  tape  drives  have  been 
added  recently  for  permanent  storage  of  data  files. 

This  data  system  is  capable  of  recording  mass  spectral  data  at  a 
rate  of  365  amu/sec.  It  measures  the  detector  output  in  0.1  amu  steps 
over  the  entire  mass  range  and  thus  peak  centroid  determination  is 
accurate  to  +  0.2  amu.  The  peak  intensity  is  based  upon  peak  area, 
rather  than  peak  height  measurement.  The  fast  scanning  rate  is  extreme¬ 
ly  important  when  glass  capillary  columns  are  used  in  the  GC  and  com¬ 
ponent  peak  share  are  extremely  narrow.  Operation  of  the  GC/MS  system 
is  extremely  simple.  Once  the  operator  answers  some  computer-generated 
■  dialogue  on  the  CRT  that  allows  him  to  choose  instrument-operating 

parameters,  the  mass  spectrometer  is  under  computer  control.  The  mass 
range,  scan  time  and  sensitivity  are  automatically  set  and  the  data 


stored  on  discs.  The  operator  can  rcnitor  the  tctal  icr.  current  and 
any  specific  mass  ion  sir?.jltaneously  on  the  CRT  as  tra  SC  run  proceeds. 

The  data-handling  option  allows  for  rapid  data  storage,  retrieval, 
and  display.  The  tasks  usually  desired,  such  as  b3cigr:ur:d  removal, 
comparison,  or  addition/subtractior  of  mass  spectra,  arc  display  of  the 
total  ion  current  are  provided  in  the  data  reduction  package.  Similar¬ 
ly  ,  data  can  be  conveniently  displayed  on  the  x-y  recorder,  the  line 
printer,  or  the  CRT  hard-copy  unit.  For  identification  the  m^ass  spec¬ 
trum  of  a  specific  com.pound  can  be  ccrcnared  to  any  spectra  included  in 
the  Flammability  Research  Center’s  mass  spectra  file  cr  the  Aldermaston 
mass  spectral  file.  The  library  search  routine  is  based  on  a  series  of 
abbreviated  spectra  that  are  chosen  by  selecting  the  three  most  intense 
peaks  in  each  14-rrass  unit  interval  throughout  the  spectrum.  Selecting 
peaks  in  consecutive  regions  of  14  ar.u  units  assures  that  the  signifi¬ 
cant  peaks  belonging  to  a  homologous  series  of  ions  are  retained  if 
they  should  happen  to  be  relatively  abundant.  Tnis  technique  assures 
that  the  molecular  ion,  if  it  is  present  in  the  complete  spectrum,  is 
not  deleted  from  the  abbreviated  spectrir-  and  that  cuadrupole  mass  dis¬ 
crimination  effects  are  minimized.  The  actual  computer  search  proceeds 
through  a  comparison  of  unknown  spectra  with  the  complete  set  of  libra¬ 
ry  spectra  or  some  selected  subset  of  these  spectra.  The  selection  of 
the  library  subset  usually  involves  some  prior  knowledge  about  the 
characteristics  of  the  unknown  compound,  such  as  molecular  weight, 
retention  indices,  eleriental  content,  or  chemical  groups  contained  in 
the  compound. 

Samples  may  be  introduced  into  the  mass  spectrometer  in  various 
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ways.  Volatile  cot, pounds  can  be  directly  injected  into  an  all-glass 
expansion  bulb  or  introduced  directly  into  a  saTpling  loop  which  can 
utilize  either  molecular  sieve,  charcoal,  or  porous  polymer  traps  for 
enrichment  of  the  volatile  components  of  gas  samples.  Solid  sa'ples 
and  viscous  liquids  with  significant  vapor  pressure  below  350'C  may  be 
run  via  a  direct  insertion  probe.  In  addition,  the  mass  spectrometer 
is  directly  interfaced  coupled  to  a  htettler  Model  1  Therrroar.alyzer  for 
the  identification  of  the  volatile  components  from,  liquids  or  solids 
that  result  from  the  thermal  degradation  of  polymeric  materials. 

The  dodecapole  mass  spectrometer  is  also  interfaced  to  a  Hewlett- 
Packard  Model  7626A  research  gas  chromatograph,  using  a  silicon  mem¬ 
brane  separator,  a  jet  separator,  or  a  direct  capillary  column  inter¬ 
face.  This  is  a  "state-of-the-art"  GC  that  permits  the  use  of  a  variety 
of  columns,  injector  accessories  and  detectors,  fne  unit  is  equipped 
with  a  flame  ionization  detector  (FID),  a  Nickel  63  electron  capture 
detector  (ECD),  a  flame  photometric  phosphorus  detector  {F?D),  and  a 
thermal  conductivity  detector  (TCO).  Any  two  of  the  detectors  can  be 
used  simultaneously;  GC  traces  are  recorded  on  a  duel  pen  strip  chart 
recorder.  A  Hewlett-Packard  Model  3352B  Laboratory  Data  System  was 
used  to  record  relative  peak  areas. 

Two  other  methods  may  be  used  for  introducing  samples  into  the 
gas  chromatograph.  The  first  technique  employs  flash  pyrolysis  of 
solids  directly  inside  the  GC  injection  port.  Samples  are  placed  on 
a  resist! vely-heated  platinum  ribbon  and  heated  from  ambient  tempera¬ 
ture  to  as  high  as  1000'’C  in  several  hundred  milliseconds.  The  second 
technique  uses  solid  phase  adsorbents  to  trap  and  concentrate  volatile 
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cor, pounds  in  gas  samples  directly  fror.  the  themoanalyzer.  Both  of 
these  sarplying  methods  will  be  described  in  this  chapter. 


Thermoanalyzer 


Thermal  analysis  studies  were  conducted  using  a  Mettler  Model  1 
Themoanalyzer.  This  instrument  provides  the  capability  for  conducting 
simultaneous  thermogravimetric  analysis  (TGA),  derivative  thermogravi- 
nietric  analysis  (DTG),  differential  thermal  analysis  (DTA),  and  efflu¬ 
ent  gas  analysis  (EGA)  under  controlled  dynamic  or  isothem.al  heating 

-8 

conditions.  The  sample  may  be  studied  in  vacux:  (1  x  10  torr)  or  in 
a  environment  selected  by  the  investigator.  Two  heaters  are  available: 
one  capable  of  a  maximum  of  1000°C  and  the  second  capable  of  operation 
to  1600’C. 

The  thermoanalyzer  has  been  interfaced  with  the  computerized 
GC/M5  system.  Figure  1  is  a  schematic  diagram  of  the  thermoanalyzer 
showing  the  interface  with  the  gas  chromatograph.  Figure  2  is  a  photo¬ 
graph  of  the  TGA  low- temperature  furnace  in  place  on  the  thermoanalyzer 
In  this  research  two  modes  were  used  for  analysis  of  thermal  de- 
co*mposition  products:  1)  the  effluents  produced  in  the  thermal  analy¬ 
zer  were  transferred  directly  to  the  gas  chromatograph;  or  2)  these  de¬ 
gradation  products  were  trapped  and  them  desorbed  into  the  GC. 


Direct  Probe 


All  direct  probe  pyrolysis  studies  were  performed  on  a  Chemical 
Data  Systems  Model  120  Pyroprobe  that  was  inserted  directly  into  the 
injection  port  of  the  GC.  Samples  were  placed  within  the  resistively- 
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Figure  1.  Schematic  diagram  of  Mettler  thermoanalyzer. 


41 


heated  tip  of  the  probe  and  the  temperature  i/  varyir^g  the 

current  supplied  to  the  platinum  ribbon  heater.  3-5  mg  of 

sample  were  inserted  into  the  probe  and  pyrolyzed  ^z'r  2Z  second. 

4.  Infrared  spectrometers 

A  Per kin- Elmer  Model  237  Grating  Infrared  Spectrcreter,  capable 
of  covering  in  tv/o  scans  the  entire  spectral  regie-  •^rtr  to 
250  cm”^  (2.5  to  16  microns),  was  used  to  charact£*'ize  mccel  polymers 
and  char  residues.  Attachments  were  available fc- gas  emalvsis  and 
surface  studies. 

A  Mi  ran  Model  I  infrared  spectrometer,'  which  has  ^  cell  path 
length  of  20  meters,  was  used  to  determine  the  carbem  —roxide  content 
of  the  gaseous  effluents  resulting  from  the  decorocsitiem.  of  polymers. 
This  instrument  has  sufficient  resolution  to  resolve  t-e  stretching 
frequency  at  2160  cm~^  from  all  noticeable  interfers-ces. 

5.  High  performance  liquid  chroratoorarhv 

The  analysis  of  low-boiling-point  residues  was  ccrducted  or.  a 
Perkin-Elmer  Model  601  High  Performance  Liquid  Chromatograph  (h?LC). 
Both  normal  and  reverse  phase  columns  were  available  for  use  with  this 
instrument.  An  ultraviolet  (UV)  detector  was  used  for  identification 
of  compounds  which  elute  from  the  HPLC.  Samples  we'a  rur  in  either 
a  water/acetonitrile  mixture  (reverse  phase)  or  hexane  'roroal  phase). 

6.  Elemental  analyzer 

The  elemental  composition  of  polymers,  residual  conpeunds  and  chars 
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were  detemined  on  a  Perkin-Elner  Model  240  C,H  and  N  Analyzer.  Tests 
on  cor.pounds  of  known  composition  indicated  that  routine  analyses  were 
reliable  to  +0.1  percent  for  carbon,  nitrogen  and  hydrogen.  Oxygen 
deterri nations  were  measured  either  by  difference  or  directly  using  a 
special  column  for  oxygen  analysis.  In  this  case  the  accuracy  is 
better  than  +  0.2  percent. 

3.  Methodology 

1.  Analytical  strategy 

Tn»  general  analytical  scheme  that  has  been  used  in  the  study  of 
the  therrel  characteristics  and  degradation  of  Nylon  6,  PET,  and  poly¬ 
carbonate  polymers  is  presented  in  Figure  Polymer  characteriza¬ 

tion  was  limited  to  the  determination  of  the  elemental  analysis  and  the 
interpretation  of  the  infrared  spectrum  of  each  polirer.  An  in-depth 
thermoanalytical  study  was  used  to  examine  the  effect  of  oxygen  and  the 
dynamic  heating  rate  upon  polymer  decomposition.  This  combined  infor¬ 
mation  was  used  to  postulate  the  mechanism  of  the  decomposition  process. 
Finally,  thermochemical  studies  were  conducted  under  conditions  of  py¬ 
rolysis  and  oxidative  degradation. 

A  detailed  breakdown  in  the  analytical  scheme  used  to  identity  the 
products  resulting  from  oxidative  degradation  and  pyrolysis  of  Nylon  6, 
PET  and  polycarbonate  polymers  is  presented  in  Figure  An  arbitr¬ 

ary  division  of  the  products  from  polymer  degradation  into  "volatiles" 
and  "residues"  has  been  made.  "Volatiles"  (low  and  high  boiling)  are 
defined  as  those  compounds  that  have  significant  vapor  pressure  under 
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the  conditions  inposed  by  the  apparatus  used  to  adsorb  corpo-e'ts 
•{20C'C),  and  solid  "Residue"  is  the  char  that  rer.ains.  Corpouros  tnat 
react  with  the  quartz  or  stainless-steel  surfaces  of  the  apps»'st^s  are, 
of  course,  not  trapped  or  detected  and  are  not  classified  unde'-  either 
heading. 

The  methods  of  analysis  are  also  summarized  in  Figure  Tre 
volatile  products  were  identified  using  the  GC/KS  system.  Carter  mon¬ 
oxide  was  monitored  continuously  using  the  non-dispersive  infraret 
spectroneter  interfaced  to  the  outlet  of  the  themoanalyzer  '?ur-.ate. 
The  low-boiling  volatiles  and  residues  were  subjected  to  GC/'tT,  I- 
analysis,  high  pressure  liquid  chromatography  and  elemental  analisis. 

The  following  subsections  present  a  more  in-depth  examir.atftr  of 
the  analytical  methodology  outlined  in  Figure  4.  This  includes  drrect 
proble  pyrolysis,  trapping  techniques,  the  measurement  of  cartem  mon¬ 
oxide,  analysis  of  residues  and  the  procedure  for  data  reducticr.. 


The  overall  analytical  scheme  for  the  thermo chemical  study  of 
Nylon  6,  PET  and  polycarbonate  polymers  is  presented  in  Figure  5. 
Studies  were  conducted  to  determine  both  the  effect  that  oxyg?"  and 
the  effect  that  different  dynamic  heating  rates  had  upon  the  pcT/rer 
decomposition  process.  In  addition,  the  elemental  analysis  c*^  tne 
chars  produced  at  several  different  stages  of  degradation  in  helium  and 
air  atmospheres  and  the  rate  of  carbon  monixide  evolution  from  tma 
polymers  have  been  included  to  help  elucidate  the  mechanism  of  pclymer 
decomposition. 


Figure  5.  Analytical  scheme  used  to  determine  the  effect  of  variables  on  polymer  thonnal  degradation. 
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Pnor  to  analysis  all  samples  were  dried  at  eo^C  at  10"®  torr  for 
several  days  under  vacuum.  All  gases  used  in  the  thermoanalyzer  were 
checked  for  purity  using  GC;  the  helium  was  Ultra  High  Purity  grade 
froc  Katheson  Gas  Products  and  the  oxygen  was  CP  grade.  Studies  in 
an  air  environment  used  laboratory  air  that  was  dried  by  passing  it 
through  a  calcium  sulfate  trap. 

Figure  6  illustrates  the  principle  of  thermogravimetric  analysis. 
This  thermogram  of  hypothetical  polymers  shows  weight  change  as  a 
function  of  temperature.  In  Figure  6  polymer  A  stands  for  a  thermo¬ 
plastic  polymer  such  as  Nylon,  polyester  and  polycarbonate  that  was 
heated  in  air  at  10"C/min.  High  temperature  polymers,  including  aro¬ 
matic  polyamides,  polyimides  and  polybenzimidazole.and  general  thermo¬ 
setting  polymers,  such  as  phenol -formaldehyde  polymer,  would  produce 
theraogrars  such  as  illustrated  by  polymer  B. 

The  thermograms  of  most  polymers  can  be  generally  classified  into 
three  regions,  as  illustrated.  Initial  decomposition,  or  other  changes, 
such  as  evolution  of  water,  entrapped  solvents,  or  other  low-molecular 
weight  species,  may  take  place  in  the  range  of  Region  I  and  may  be  ob¬ 
served  as  deviation  from  the  horizontal  trace  at  the  beginning  of  the 

thermogram.  The  color  of  the  polymer  samples  generally  darkens  in  this 
region. 

»jor  decomposition  reactions  or  depolymerization  reactions  occiir 
in  the  area  of  Region  11.  Typically,  the  slope  of  the  weight  loss  curve 
becomes  greater  as  a  rapid  evolution  of  low-molecular  weight  volatile 
species  takes  place.  For  many  polymer  systems  char  formation  occurs 
Within  this  region  of  the  TGA  thermogram. 
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Figure  6<  Therniogriims  of  hypothetical  polyniors, 
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If  the  thermogram  Indicates  the  presence  of  Region  III,  it  is 
usually  attributed  to  a  thermal  sintering  of  the  char  or  oxidative 
degradation  of  the  char  structure  formed  in  Region  II.  Region  III  is 
se1(tom  observed  in  an  inert  environment. 

Polymers  classified  as  Type  B  do  not  always  show  distinct  region¬ 
al  separation,  as  observed  during  the  thermal  decomposition  of  polymers 
classed  as  Type  A.  However,  the  inflection  point,  "i",  can  often  be 
observed  in  the  region  of  low  percent  weight  loss.  It  suggests  that 
the  char  formation  due  to  crosslinking  reactions  or  recombination  re- 
actims  is  dominant  in  this  type  of  polymer,  rather  than  depolymeriza¬ 
tion  reactions  which  result  in  rapid  sample  weight  losses. 

3. 

One  of  the  major  objectives  of  this  study  involved  the  quantita¬ 
tive  determination  of  the  volatile  components  resulting  from  polymer 
degradation.  Since  standard  analytical  techniques  for  this  purpose 
have  not  been  discussed  widely  in  flanmability  or  toxicologically-re- 
lated  literature,  this  section  describes  the  procedures  used  for  trap¬ 
ping  and  analyzing  volatile  compounds  that  have  recently  been  developed 
in  this  laboratory.  The  methodology  outlined  here  should  be  applicable 
to  the  analysis  of  volatile  compounds  from  most  sources. 

The  technique  of  direct-probe  pyrolysis  (see  Direct  Probe  Pyroly¬ 
sis)  is  a  rapid  straightforward  method  of  introducing  the  degradation 
products  from  polymers  into  a  GC/HS  system.  However,  this  technique 
suffers  from  several  serious  limitations,  the  most  serious  problem 
being  the  lack  of  reproducibility.  The  temperature  of  the  resistively- 


heated  platinum  ribbon  is  sensitive  to  the  nature  and  flow  rate  c-^  the 
carrier  gas  used,  the  age  of  the  ribbon  and  its  exact  location  Mith 
respect  to  the  walls  of  the  injection  port.  These  prouleins  .wre  — cen 
described  by  other  workers. Second,  quantitation  of  the  YO»awiie 
products  is  extremely  difficult,  even  under  the  rest  ideal  conc'tnons. 
Soce  polymers  melt  and  drip  away  from  the  platinum  ribbon  during  flash 
pyrolysis,  while  others  may  form  a  uniform  surface  char  only  places 
where  there  is  direct  contact  between  the  heater  and  sarple,  ca:;sing 
non-uni fora  heat  transfer  through  the  sample.  In  laboratory  use  one 
also  discovers  that  the  size  of  the  injection  port  on  tr.e  chromatograph 
imposes  a  limitation  upon  the  size  of  the  sample  that  ray  be  pyrolyzed. 
Lastly,  the  gas  chromatographic  detectors  are  not  designed  to  c-gerate 
in  an  oxygen-containing  atmosphere  during  polymer  decradaticn,  tnus 
limiting  thermal  decomposition  studies  to  the  pyrolysis  mode. 

A  comprehensive  search  of  the  literature  encompassing  codem 
analytical  rethods  was  conducted  in  an  attempt  to  develco  modified 
procedures  applicable  for  the  study  of  combustion  processes.  Techni¬ 
ques  developed  by  food  and  flavor  chemists,  as  well  as  scienf:sts  in 
the  air  pollution  field,  have  used  porous  polymer  adsorbents  fcr  the 
trapping  of  volatile  components  at  cryogenic  temperatures.  T-—  appara¬ 
tus  that  has  been  constructed  in  this  laboratory  for  the  analysis  of 
products  produced  during  polymer  degradation  is  shewn  in  Figure  7. 

Gases  are  sampled  directly  from  the  quartz  furnace  of  the  therrcanaly- 
zer  A,  which  allows  the  temperature,  the  TGA,  the  DIG  and  the  ^TA  to 
be  monitored  continuously  during  the  degradation  of  the  sample.  Parti¬ 
culate  matter  and/or  materials  with  high-boiling  points  generated 


@  Gloss  or  teflon  wool  to  trap  particulates  and  less  volatile  products 
Optional  trapping  material 
@  Interface  housing  valves 

U-tube  trap  containing  absorbing  support 
Coolant  or  heat  source  for  absorption  or  desorption  step 
@  Effluent  to  additional  stoges  of  trapping 


Figure  7.  Apparatus  for  trapping  gases  from  thermoanalyzer. 
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during  pyrolysis  or  oxidative  degradation  are  removed  in  the  glass  or 
Teflon  fiber  filter  B  and  the  volatile  products  are  collected  in  trap 
E  which  is  packed  with  a  porous  polymer  material.  An  optional  trap 
at  C  nay  be  used  to  absorb  water  from  the  effluent  to  simplify  the 
subsequent  analysis.  The  carrier  gas  is  finally  bubbled  through 
aqueous  and  non-aqueous  solvent  traps  at  6  to  insure  that  no  products 
escape  into  the  room.  As  shown  in  Figure  8,  a  heated  aluminum  block 
D  contains  two  multiport  high  conductance  valves  that  direct  the  carr¬ 
ier  gas  from  the  thermoanalyzer  and  the  gas  chromatograph  through  the 
trap.  The  three  possible  orientations  of  the  valves  are:  1)  the  GC 
and  the  thermoanalyzer  operate  independently  of  one  another;  2)  the 
thennoanalyzer  vents  through  the  trap;  and  3)  the  GC  carrier  gas  flows 
through  the  trap  and  sweeps  the  adsorbed  volatile  compounds  into  the 
injection  port  of  the  GC.  In  practice,  products  of  polymer  decomposi¬ 
tion  that  are  produced  at  any  temperature  are  swept  through  the  trap 
E  which  is  held  at  subambient  temperatures.  After  the  gases  are  ad¬ 
sorbed,  the  interface  valves  are  turned  to  direct  the  GC  carrier  gas 
through  the  trap.  By  applying  heat  from  source  F,  most  volatile 
components  can  be  desorbed  from  the  porous  polymer  packing  in  the  trap 
in  less  than  several  seconds  and  swept  into  the  gas  chromatograph. 

Although  the  trapping  of  effluents  from  the  thermoanalyzer  is 
clearly  a  more  precise  method  of  studying  polymer  degradation  than  the 
use  of  a  pyrolysis  probe,  it  does  introduce  an  extra  step  of  complexity 
to  the  problem  of  analysis.  Besides  the  need  to  measure  the  absolute 
response  of  the  gas  chromatograph  to  each  compound,  one  must  also  con¬ 
sider  the  efficiency  of  the  porous  polymer  trap  and  the  sample  holdup 
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Figure  8.  Thermoanalyzer  interface  trapping  system. 
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in  the  heated  inlet  lines,  the  furnace,  etc.  The  actual  airxDunt  of  a 
given  compound,  C^,  is  dependent  upon  four  variables,  according  to  the 
expression: 


S-A(x)  R  F  (x) 
T.E.(x) 


(4) 


where 

S  *  sensitivity  of  the  6C,  as  determined  by  injection 
of  a  known  compound  as  an  internal  standard, 

A(x)  *  GC  peak  area  of  compound  C^, 

R.F.(x)  =  relative  GC  detector  response  factor  of  compound 
C^t  and 

T.E.{x)  =  relative  trapping  efficiency  of  C^. 

The  factor  S  is  determined  by  injecting  known  quantities  of  one  or 
more  compounds,  usually  benzene  and  ethane,  directly  into  the  GC  and 
determining  the  instrument  response  per  mg  of  sample.  The  GC  peak 
area  A(x)  is  automatically  recorded  on  an  electronic  integrator  for 
either  the  thermal  conductivity  or  flame  ionization  detectors.  Res¬ 
ponse  factor  R.F.(x)  must  be  measured  for  each  compound  in  the  chroma- 

(411 

togram,  and  some  values  do  exist  in  the  literature.'  '  Trapping 
efficiency  not  only  includes  the  relative  trapping  efficiency  of  the 
adsorbent  material,  but  also  the  sample  holdup  in  the  furnace  of  the 
thermoanalyzer,  the  valves  in  the  sampling  loop  and  the  heated  tubing 
that  connects  the  components. 

To  insure  consistency  in  the  data,  all  trapping  experiments  used 
a  "standard"  set  of  operating  parameters,  which  included  a  trapping 
time  of  four  minutes,  an  inlet  line  and  trapping  block  temperature  of 
ZOO^G  and  a  carrier  flow  rate  of  160  ml/min.  The  trap  E,  containing 
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'  0.25  grams  of  Porapaic  Q  porous  polymer,  was  cooled  to  -IIZ'C  using  an 

ethanol /liquid  slurry  for  the  adsorption  step,  and  heated  to  ZZ^'C 
to  desorb  all  materials  for  GC  analysis. 

To  measure  the  trapping  efficiencies  of  this  interface,  known 
compounds  were  introduced  into  the  carrier  gas  stream  exiting  free  the 
j  furnace  on  the  thermoanalyzer.  Known  amounts  of  gases  or  liquids  were 

injected  directly  into  the  effluent  stream  through  a  rubber  septum 
mounted  on  the  sidearm  leading  from  the  quartz  furnace.  The  samples 
were  trapped  and  desorbed  under  "standard"  operating  conditions  and 
the  resulting  £1  detector  response  compared  to  the  response  obtained 
when  the  same  amount  of  material  was  injected  directly  into  the  GC. 

Table  13  contains  some  examples  of  the  trapping  efficiencies  and 
the  thermal  conductivity  detector  response  factors  that  were  measured 
for  various  coepounds  under  "standard"  operating  conditions.  In  gen¬ 
eral,  the  trapping  efficiencies  of  all  compounds  that  have  been  meas¬ 
ured  in  this  laboratory,  that  contain  two  or  more  carbon  atoms  and 
possess  boiling  points  below  200°C,  are  approximately  equal  to  0.9. 

The  less  than  quantitative  efficiency  of  the  trapping  systen  is  be- 
■  lieved  to  be  the  result  of  sample  holdup  in  the  heated  transfer  lines 

and  the  porous  polymer  trap.  Other  than  strong  acids  and  bases,  no 
compounds  have  been  observed  to  chemically  react  with  the  porous  poly¬ 
mer  adsorbent  at  ZOO^C.  Lighter  gases,  such  as  methane,  carbon  monox¬ 
ide  and  hydrogen,  are  too  volatile  at  -112®C  to  be  trapped  effectively 
and  are  analyzed  by  other  means,  as  will  be  described  later  in  this 
chapter. 

As  an  example  of  how  the  "raw  data"  is  quantitated,  consider  that 


Table  13.  Trapping  Efficiencies  and  Response 
Factors  for  Selected  Compounds^ 


Compound 

Trapping  . 
Efficiency 

Response 

Facot 

CO 

<.01 

.67 

“2 

• 

CO 

.92 

H2O 

00 

• 

.55 

CH4 

.05 

.45 

CH3OH 

.99 

.58 

,95 

.59 

n-fionane 

.90 

.72 

Benzene 

.89 

00 

Aniline 

.96 

CM 

00 

• 

^sed  on  2  to  25  ing  samples  on  0.25  Porapak  Q 
absorbent  at  -nO°C.  Samples  were  flash  de¬ 
sorbed  at  160°C  after  trapping  for  a  period 
of  four  minutes. 


^i’rapping  efficienty  = 


mo  sample  recovered 
mg  sample  injected 


thermal  conductivity  detector  response,  where 
NO2  *  1.00. 
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the  peak  areas  for  the  products  from  a  pyrolysis  experiment  have  been 
recorded  and  that  benzene  and  toluene  are  identified  as  two  of  the 
products.  iTiKdiately  after  the  GC  run  a  series  of  dilutions  of  ben¬ 
zene  in  a  suitable  solvent  were  injected  into  the  GC  and  a  "standard 
curve*  constructed  of  integrator  peak  area  versus  microliters  of  ben¬ 
zene,  such  as  is  shown  in  Figure  9.  Hence,  if  the  area  of  the  benzene 
peak  from  the  pyrolysis  experiment  equals  2200,  the  absolute  amount  of 
benzene  found  is  equal  to  0.8  yl,  or  0.703  mg.  Solving  Equation  (5) 
for  S,  one  gets: 


The  T.E.  and  R.F.  of  benzene  are  0.90  and  0.893  (FID),  respectively, 
thus,  S  is  equal  to 


0-703  iTO 


[0.893] 


=  3.2  X  10"  mg/unit  area 


Using  this  value  of  S,  one  may  solve  Equation  (4)  for  any  integrated 
GC  peak.  If,  for  example,  the  integrated  peak  area  of  toluene  is 
1500,  one  ray  solve  for  C^,  knowing  T.E.  (toluene)  =  0.95  and  R.F. 
(toluene)  =  O.S35z 


'toluene 


=  0.48  mg  (7) 


If  the  total  weight  loss  of  the  polymer  during  pyrolysis  was  12  mg, 
then  the  weight  percent  (wt.%)  of  toluene  in  the  volatile  products  is 


wt.'  toluene 


100% 


4.0%  . 


(8) 
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4.  Carbon  nonoxide  analysis 

Since  carbon  nxjnoxide  cannot  be  trapped  efficiently  using  the 
technicjues  described  previously,  alternative  means  of  detection  were 
explored  to  neet  our  specific  application.  Since  the  use  of  non- 
dispersive  infrared  analyzers  has  become  the  method  of  choice  in  moni¬ 
toring  carbon  nonoxide  levels  in  the  atmosphere, it  was  judged  to 
be  a  reliable  technique  for  this  study.  To  remove  any  compounds  that 
isay  interfere  with  the  CO  adsorption  at  2160  cm'^  the  gas  effluent 
froB  the  themoanalyzer  was  drawn  through  a  trap  containing  Porapak  Q 
adsorbent  at  -112°C  before  admitting  the  gases  into  the  sample  cell  on 
the  Hiran  I  infrared  spectrometer.  A  standard  curve  of  concentration 
versus  absc.-ption  at  2160  cm*^  was  constructed  by  direct  injection  of 
known  asD'.^!ts  of  CC  through  a  septum  mounted  just  outside  the  furnace 
on  the  therm oanalyzer,  and  the  absorptions  of  CO  liberated  frca  the 
polymer  degradation  experiment  were  directly  compared  to  the  standard 
curve. 

An  exasple  of  how  the  spectrometer  responds  to  the  CO  generated 
as  a  polyrer  decomposed  is  illustrated  in  the  strip-chart  recording 
(Figure  10).  Because  of  the  limitations  imposed  by  the  finite  volire 
of  the  gas  sampling  lines  connecting  the  IR  spectrometer  to  the  furnace, 
tha^  was  a  17-second  delay  between  the  time  of  actual  polymer  decom¬ 
position  and  the  response  of  the  IR  detector.  The  CO  absorption  ini¬ 
tially  increased  and  then  leveled  off  as  the  gases  entered  the  large 
sastple  cell  of  the  spectrometer.  Finally,  there  was  a  slow  decrease 
in  the  CO  absorption  as  the  effluent  enriched  in  CO  was  displaced  from 
the  sample  cell  by  air  containing  a  lower  concentration  of  carbon 


dispersive  Infrared  spectroscopy. 


monoxide.  The  specificity  and  sensitivity  of  this  technique  was 
found  to  be  excellent;  sample  weight  losses  as  small  as  0.01  percent 
of  total  polymer  weight  loss  were  easily  quantitated. 


Using  the  trapping  system  decribed  previously  to  collect  products 
from  polymer  degradation,  compounds  that  were  produced  which  possessed 
low  vapor  pressures  would  condense  as  a  residue  in  the  colder  regions 
of  the  furnace  or  the  gas  transfer  lines.  Likewise,  any  aerosols  that 
may  contain  polymer  oligomers  would  condense  on  the  glass  surfaces  or 
the  glass  or  Teflon  fiber  filter  which  is  inserted  in  the  transfer 
lines  for  the  purpose  of  collecting  these  materials. 

To  aid  in  the  identification  of  high-boiling  volatiles  that  were 
formed  during  polymer  decomposition,  several  techniques  were  employed: 
infrared  spectroscopy,  gas  chromatograph/mass  spectrometry,  liquid 
chromatography, and  elemental  analysis. 

When  the  materials  deposited  on  the  glass  wool  could  be  removed  as 
a  solid,  the  KBr  pellet  technique  utilized  for  infrared  analysis  was 
employed.  When  the  deposited  residue  consisted  of  fine  particulate 
matter  or  a  heavy  oil,  these  compounds  were  extracted  us’ng  solvents 
such  as  chloroform.  The  solvent  was  then  removed  by  passing  helium 
over  the  surface  at  room  temperature.  The  remaining  residue  was  spread 
uniformly  between  two  sodium  chloride  plates  and  the  IR  spectrum 
recorded. 

When  GC/HS  analyses  of  the  residue  was  conducted,  the  residue  was 
dissolved  in  solvents  such  as  chloroform,  acetone, and  tetrahydrofuran 
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(THF),  and  the  soluticn  was  injected  into  a  GC  equipped  with  high  tem¬ 
perature  coIxT.s  Cejcil  or  OV-1).  The  analyses  of  separated  ccr.ccunds 
were  performed  e-ploying  the  same  methods  which  were  used  for  the 

analysis  of  non-volatile  products. 

Further  analysis  of  the  high-boiling  volatiles  was  conducted  using 
liquid  chromatography.  The  high-boiling  volatiles  were  prepared  for 
HPLC  analysis  by  dissolving  the  sample  in  THF,  acetone  or  acetonitrile, 
followed  by  filtration  to  remove  the  insoluble  material.  The  solvent 
was  removed  by  evaporation  and  the  sample  completely  dried  under vacuu".. 
The  samples  were  re-dissolved  in  THF  prior  to  injection  into  the  HPLC. 

The  samples  were  chromatographed  using  a  reverse-phase  colirnn 
(Whatman,  Portisil  ?SX  10/25  ODS)  operated  at  50°C.  A  mixture  of  ace¬ 
tonitrile  and  water  (25:65,  v:v)  was  used  isocratically  at  a  flow  rate 
of  1.0  ml /min  for  the  separations.  The  eluting  compounds  were  detected 
using  a  detector  monitoring  the  uv  absorbance  at  240  nm.  Separated 
peaks  in  the  chrcmatogram  were  identified  by  agreement  in  retention 
times  with  known  compound  standards. 

6.  Identification  of  unknown  compounds 

To  insure  the  reliability  of  the  qualitative  and  quantitative 
data,  all  experiments  were  performed  a  minimum  of  three  times.  In 
pyrolysis  or  oxidative  degradation  studies,  a  50  mg  sample  size  was 
generally  used,  since  that  sample  size  was  found  to  be  adequate  for 
separation  identification  and  the  quantitation  of  components.  Smaller 
sample  sizes  were  used  when  difficulties  were  encountered  in  the  iden¬ 
tification  of  trace  compounds.  The  use  of  large  sample  sizes 
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introduced  probler;s  pertaining  to  sample  homogeneity  and  uniformity 
of  heating  sample  environment.  The  effect  of  sample  size  is  discussed 
later.  In  the  study  of  the  initial  phase  of  degradation  much  larger 
sample  sizes  (=  150  mg)  were  used  to  insure  the  additional  sensitivity 
required  for  the  analysis  of  small  quantities  of  compounds  produced 
during  the  initial  degradation  process.  Several  GC  columns  were  used 
for  separation  and  identification  of  the  individual  products  resulting 
from  polymer  decomposition.  Most  of  the  experiments  for  quantitation 
of  the  volatile  components  utilized  a  16  ft.  x  1/8  in.  O.D.  Chromosorb 
101  porous  polymer  column.  Supplemental  data  were  obtained  using 
Chromosorb  103  and  104  columns  (i.e.,  separation  of  nitrogen-containing 
compounds). 

The  identification  of  volatile  products  formed  during  the  polymer 
degradation  was  carried  out  using  the  computerized  Hewlett-Packard 
GC/MS  system.  Since  the  mass  spectrum  of  a  compound  is  usually  a  uni¬ 
que  "fingerprint,"  the  GC/KS  system  provides  the  most  valuable  informa¬ 
tion  for  correct  identification  of  degradation  products.  To  facilitate 
rapid  handling  of  the  enormous  quantity  of  data  that  are  gathered  dur¬ 
ing  a  GC  run,  the  mass  spectra  of  the  unknown  compounds  are  compared 
to  the  FRC  Mass  Spectral  File  and  the  Aldelmaston  Mass  Spectral  File 
which  contains  over  14,000  mass  spectra  in  digital  form.  Information 
from  a  computer  search,  even  if  it  does  not  uniquely  identify  the 
unknown  compounds,  provides  valuable  information  about  the  most  prob¬ 
able  chemical  structure,  i.e.,  the  molecular  weight,  empirical  formula, 
functional  groups  present,  the  degree  of  substitution,  etc. 

As  the  resolved  components  that  elute  from  the  GC  are  analyzed 
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by  r^ss  spectro-etry,  the  retention  times  are  recorded  and  peak  areas 
are  integrated  sirultar.eously  for  either  the  FID  or  TC  detectors.  From 
the  6C  data.  Retention  Ir»dices^^^^  are  calculated  for  every  compound 
that  eluted  from  the  cclum.  The  retention  indices  of  over  400  com¬ 
pounds  and  many  FID  and  TC  response  factors  of  compounds  often  encoun¬ 
tered  during  polymer  degradation  studies  have  been  measured  on  several 
porous  GC  supports  in  t-his  laboratory  to  aid  in  the  identification  of 
unknown  compoinds.  Since  it  is  highly  improbable  that  two  different 
compounds  have  identical  retention  indices  on  two  different  types  of 
GC  columns,  one  can  often  identify  the  unknown  compound  solely  on  the 
gasis  of  retention  tine. 

By  measuring  the  FID  to  TC  response  factor  ratio,  one  has  access 

to  another  valuable  parameter.  The  ion  current  measured  at  a  flame 

detector  is  proporticr^l  to  both  the  total  number  of  carbon  atoms  and 

(44) 

the  specific  oxidation  state  of  any  carbon  atom  in  the  molecule. 
Similarly,  a  linear  relationship  exists  between  the  relative  thermal 
conductivity  response  and  the  nunier  of  carbon  atoms  in  a  homologous 
series  of  co-pounds. Hence,  the  FID  to  TC  response  ratio  is  pre¬ 
dictable  for  a  wide  ra-nge  of  molecules.  In  practice,  one  uses  the 
measured  FID  to  TC  ratio  to  make  educated  guesses  pertaining  to  the 
structure  of  compounds  that  are  eluting  from  the  GC  column.  For  exam¬ 
ple,  saturated  and  unsaturated  hydrocarbons  have  FID  to  TC  ratios 
larger  than  0.90,  but  acids,  alcohols  and  ketones  have  ratios  below 
0.80. 

All  of  the  GC  and  JiS  techniques  discussed  above  have  been  utilized 
for  unraveling  chemical  structures  of  the  products  produced  during 
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polymer  degradation.  The  positive  identification  of  a  specific  com¬ 
pound  as  a  decomposition  product  requires  a  specific  amount  of  inter¬ 
nally  consistent  chemical  evidence  from  the  GC  and  MS  data.  The  five 
possible  combinations  of  GC  and  MS  data  and  the  conclusions  that  can 
be  drawn  from  them  are  listed  in  Table  14.^^°^  In  combination  1,  where 
the  GC  retention  time  data  does  not  support  the  mass  spectral  "finger¬ 
print,"  one  can  only,  at  best,  determine  the  molecular  weight  and  func¬ 
tional  groups  present  in  the  unknown  compound.  Similarly,  the  Reten¬ 
tion  Index  for  that  particular  compound  from  one  type  of  GC  colutm  does 
not  constitute  sufficient  data  for  positive  identification.  However, 
the  combined  evidence  of  a  correct  mass  spectrum  with  the  correct 
Retention  Index  from  one  or  more  types  of  GC  columns  is  usually  suffi¬ 
cient  to  identify  the  chemical  structure. 

In  many  cases  compound  identification  has  been  made  on  a  basis 
of  mass  spectrometric  data  combined  with  chemical  intuition.  The  Re¬ 
tention  Indices  and  the  FID  to  TC  ratios  have  not  been  measured  in  this 
laboratory  for  many  of  the  degradation  products  from  Nylon  6,  Pet  or 
polycarbonate  polymers.  However,  relative  retention  times  and  Reten¬ 
tion  Indices  can  usually  be  predicted  from  data  for  other  compounds  of 
similar  structure  or  other  members  of  the  same  homologous  series.  A 
firm  identification  of  chemical  structure  of  many  compounds  found  in 
polymer  decompositions  has  been  made  on  a  basis  of  a  correct  mass 
spectrum  and  the  predicted  Retention  Index  on  two  different  GC  columns. 

7.  Quantification  of  data 

As  was  described  previously,  several  factors  are  involved  in 
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Table  14.  The  Required  Evidence  for  Compound 
Identification  by  6C/MS  Techniques 


Input  Data* 

Compound  Identification^. 

1 

Kovats' 

Kovats' 

M.W. 

f  ! 

Column  -1 

Column  *2 

Yes  No  Only 

1 

X 

X 

2 

X 

X 

3 

X 

X 

X 

4 

X 

X 

X 

5 

X 

X 

■ 

X 

X 

‘^perinental  data  in  the  form  of  mass  spectral  identification 
and  the  correct  Kovats’  Retention  Index  on  Column  #1  or  Column  #2. 

^Conclusions  ccxeming  compound  identity  that  can  be  made  from 
the  given  in^ut  data.  “M.W.  Only"  means  that  only  the  molecular 
weight  of  the  unkxnn  compound  may  be  determined  from  the  input 

data. 
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quantitating  the  GC  results  from  a  trapping  experiment  performed  using 
the  thermoanalyzer.  The  absolute  sensitivity  (S)  of  the  GC,  the  rela¬ 
tive  trapping  efficiency  (T.E.)  and  the  response  factors  (R.F.)  for 
each  compound  that  eluted  from  the  chromatograph  should,  in  principle, 
be  measured.  In  practice,  S  is  easily  measured,  but  evaluating  T.E. 
and  R.F.  for  each  individual  compound  is  an  extremely  time-consuming 
task. 

In  this  work  the  sensitivity,  S,  was  measured  after  each  indivi¬ 
dual  trapping  experiment.  The  deviation  in  S  for  both  the  FID  and  TC 
detectors  was  only  several  percent  on  a  day-to-day  basis  and  insignifi¬ 
cantly  small  between  individualexperiments.  A  standard  curve  of  con¬ 
centration  versus  integrated  peak  areas  (see  Figure  9)  was  constructed 
for  two  compounds,  ethylene  and  benzene,  under  GC  conditions  identical 
to  those  used  in  the  actual  pyrolysis  experiment.  The  concentration 
of  ethylene  and  benzene  from  polymer  decomposition  was  then  read  from 
the  standard  plot.  The  use  of  two  "internal  standards"  insured  the 
reliability  of  the  technique  and  compensated  for  errors  caused  during 
GC  injections.  Not  all  the  response  factors  and  trapping  efficiency 
measurements  for  the  porous  polymer  traps  have  been  evaluated  for  each 
individual  compound  detected  in  this  study.  However,  all  general 
classes  of  compounds  (e.g.,  aromatics,  nitriles,  alcohols,  ketones, 
etc.)  have  been  analyzed  using  Porapak  Q  porous  adsorbents  and  trapping 
efficiencies  are  very  high  (^90  percent)  for  all  nonreactive  organic 
compounds.  Moreover,  as  discussed  in  the  previous  section,  response 
factors  for  most  compounds  can  be  estimated  with  certainty  from  struc¬ 
turally  similar  compounds. For  example,  the  FID  response  factors 
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for  the  alkane  series,  hexane,  heptane,  octane,  and  nonane,  are  0.971, 
1,00,  1.03,  and  1.02,  respectively.  The  relative  trapping  efficiencies 
and  response  factors  used  are  included  in  the  final  data  and  are  mark¬ 
ed  with  an  asterisk  to  denote  if  the  value  is  only  an  estimate. 

A  first  approximation  to  the  absolute  error  in  the  quantitative 
data  can  be  made  by  considering  the  error  in  each  variable  in  Equation 


(4)  which  is  repeated  below: 

SA(x)R.F.(x) 

S  ■  T.E.(x) 

(4) 

where 

S  *  area  (x)/ng(x) 

A(x)  =  area  (x) 

B  r  area  (x)  mg  (standard). 

K.r.ixj  (standard)  mg  (x) 

T  r  -  mg  (x)  (from  trap) 

i.t.vxy  -  (direct  injection) 

The  "standard"  is,  in  this  data,  the  compound  that  is  directly  injected 
into  the  S:  to  determine  the  S  term.  When  values  for  S,  A(x),  R.F.{x), 
and  T.E.{x)  are  substituted  into  Equation  (4),  is  equal  to: 


area(x)^  mg(x)  mgUl 
a'^ea(x)  igU) 


where 

ng{s)  =  jng(  standard), 

ng(-t)  =  njg(x,  direct  injection) 

ng(-t)  *  Bg(x,  from  trap). 


(9) 
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drea(s)  =  area (standard). 

(47) 

The  norrialized  standard  deviation  in  C^,  written  as 


where  the  signas  represent  the  standard  deviation  of  the  individual 
variables.  Since  all  peak  areas  are  measured  with  an  integrator  to 
better  than  +  0.2  percent,  the  first  and  third  terms  can  be  neglected 
with  respect  to  the  error  imposed  by  the  sample  injections  into  the  6C 
or  through  the  trapping  system.  Repetitive  injections  with  a  syringe 
are  to  within  +  5  percent  in  precision  if  one  corrects  for  the  dead 
volume  in  the  needle.  This  5  percent  error  in  known  sample  volumes, 
hence  in  the  known  sample  mass,  is  substituted  into  Equation  (11)  to 
obtain: 

(C  )  9  9  9 

=  4(5)^  +  (5)^  +  (5)^  =  12.32  (11) 

''X 

Therefore,  neglecting  possible  errors  due  to  sample  inhomogeneity  and 
sample  handling,  a  safe  upper  limit  to  the  standard  deviation  of  the 
quantitative  data  is  +  12  percent. 

The  error  in  the  carbon  monoxide  determinations  is  considerably 
more  accurate  than  the  data  from  the  trapping  experiments.  Since  the 
concentration  of  CO  is  read  directly  from  a  standard  curve,  the  only 
significant  error  is  in  the  injection  of  pure  CO  for  calibration.  The 
error  imposed  by  multiple  injections  is  most  likely  below  +  5  percent. 


CHAPTER  V 

HYLON  6  POLVMER 
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L(CH2)5J 

e-caprolactii  Nylon  6 

where  n  is  about  200  for  Nylon  6. 

Nevertheless,  in  order  to  facilitate  ring  opening,  water  must  be 
added  to  the  reactor  or  autoclave  in  which  the  e-caprolactam  is  under¬ 
going  polymerization.  Water  is  removed  in  the  course  of  the  high-tem¬ 
perature  reaction.  The  reaction  proceeds  to  a  point  where  the  polymer 
is  in  equilibrium  with  about  10  percent  of  the  monomer.  The  monomer, 
however,  is  easily  stripped  by  washing  the  polymer  with  water. 

Nylon  6,  thus  produced,  is  widely  used  in  the  form  of  fiber  for 
production  of  fabrics  used  in  apparel,  tire  cord,  rope,  monofilament 
fishing  line  and  carpets.  Molding  grades  of  Nylon  6  polymer  are  also 
used  in  the  manufacture  of  film,  sheets,  electrical, and  automotive 
parts. 

Like  most  of  the  other  organic  polymers.  Nylon  6  is  flammable  when 
placed  in  contact  with  an  ignition  source.  As  the  use  of  Nylon  poly¬ 
mers  has  increased  in  correrce,  there  has  been  an  increasingly  greater 
denand  for  fire-retardant  Nylon  polymers.  Numerous  reports  and  patents 
have  been  issued  pertaining  to  improved  fire-retardancy  of  Nylon  poly¬ 
mers,  and  sore  of  these  are  summarized  in  Chapter  8.  Little  detailed 
information  is  available  in  the  open  literature  pertaining  to  the  basic 
mechanisms  of  the  thermal  degradation  of  Nylon  polymers.  One  of  the 
objectives  of  this  study  was  the  development  of  a  better  understanding 
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of  the  thennal  decomposition  mechanisms  of  the  thennal  degradation  of 
Nylon  polymers. 

B.  Literature  Survey 

Although  several  investigators  have  studied  the  thermal  decomposi 
tion  of  aliphatic  polyamides,  their  conclusions  resulted  in  the  pre¬ 
sentation  of  conflicting  decomposition  mechanisms.  The  experimental 
procedures  and  the  instrumentation  used  by  these  investigators  did 
not  furnish  an  accurate  assess.ment  of  the  thermal  decomposition  of 
these  polyamide  polyners- 

1.  Pyrolysis 

Nylon  6  becomes  reddish  brown  in  color  when  it  is  heated  in  air 
between  225-245®C.  When  it  is  kept  in  a  molten  state  for  a  long  time, 
under  nitrogen  or  under  vacuum,  a  gel  product  is  formed,  which  is  in¬ 
soluble  in  formic  acid  or  hot  phenol,  but  which  swells  in  cresol  and 
xylene. This  gel  compound  is  thought  to  be  formed  by  the  catalysis 
of  trace  amounts  of  oxygen.  A  similar  product  can  sometimes  be  found 
on  the  inside  wall  of  reactors  used  to  produce  the  polymers. 

Tailor^^^^  observed  that  the  viscosity  of  Nylon  66  polymer  de¬ 
creased  sharply  with  the  increase  in  the  number  of  end-groups  when  the 
polymer  solution  was  left  in  formic  acid  at  high  temperature.  Several 
investigators^^^’^^^  studied  the  equilibrium  of  Nylon  6  polymer  in  the 
molten  state,  and  indicated  the  influence  of  the  temperature  and  water 
on  the  depolymerization  of  the  polymer.  Smith^^^^  suggested  the  possi 
bility  of  a  back-biting  reaction  which  forms  monomeric  lactam  from 
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molten  Nylon  6: 

0  NH(-CH2)5-| 

- CNH(CH2)5-COOH  — .COOH  +  [  |  (13) 

This  reaction  was  reported  to  be  accelerated  by  water. 

The  formation  of  lacta.^  from  various  polyamides  during  pyrolysis 
was  also  observed  by  Kricheldorf  and  Leppert.^^^^  They  suggested  the 
elimination  of  lactars  could  occur  from  the  center  of  polymer  chain 
through  amide  exchange  reactions  in  molten  polyamides. 

The  first  precise  study  of  the  volatile  products  from  polyamides 
was  performed  by  Achha-mner  ez  ^7. Nylon  6,  66,  66/6  and  610/6 
were  pyrolyzed  at  420®C  in  high  vacuum  for  20  minutes.  The  degradation 
products  found  using  mass  spectrometric  techniques  were  carbon  dioxide, 
water,  cyclopentanone,  hydrocarbons  containing  less  than  seven  carbons, 
and  carbon  monoxide,  to  nitrogen  compounds  were  reported.  From  the 
nature  of  the  products  observed,  they  proposed  that  the  polyamide  chain 

breaks  at  C-N  bond  of  the  aside  group. 

Hopff^^^^  reported  that  a-mmonia,  cyclopentanone,  and  hexamethyl- 
enediamine  were  found  in  the  thermal  degradation  product  of  Nylon  66, 
although  no  detailed  experimental  conditions  and  data  were  given. 

Hasselstron  gp  isothermally  pyrolyzed  Nylon  66  in  a  nitro¬ 

gen  atmosphere  for  1  to  8  hours  at  280-305'’C.  The  base  and  acid  present 
in  the  volatile  products  were  collected  by  sulfuric  acid  and  potassium 
hydroxide  coIutis.  The  total  amount  of  base  and  acid  was  measured  by 
titration.  Amonia  and  amnonium  carbonate  were  reported  to  be  found  in 
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the  volatile  products  fron  the  pyrolysis,  but  no  direct  identification 
of  these  products  was  reported. 

Straus  and  Wall^^^^  studied  the  pyrolysis  of  Nylon  6,  66,  610  and 
blends  of  these  polyamides.  Five  different  Nylon  polymers  were  heated 
for  30  minutes  at  400'’C  in  a  vacuin.  Ten  percent  of  weight  of  volatile 
products  and  90  wt.  percent  of  residual  compound  were  recovered.  The 
volatile  products  produced  during  thermal  decomposition  of  Nylon  6  with 
a  molecular  weight  of  60,000,  were  comprised  of  a  mixture  of  carbon 
dioxide,  water,  and  various  hydrocarbons  ranging  from  C2  to  Cg.  No  ni- 
trogen-containing  compounds  were  identified.  Straus  and  Wall  also 
investigated  the  rates  of  thermal  degradation  of  Nylon  polymers  in  vac¬ 
uum  and  found  that  the  rate  of  volatilization  observed  during  the  iso¬ 
thermal  pyrolysis  of  Nylon  6  in  vacuum  approached  a  maximum  of  20-40 
percent  volatilization. 

Kamerbeck  et  carried  out  the  pyrolysis  study  of  Nylon  6 

and  66  at  305®C  in  nitrogen.  They  postulated  that  primary  and  second¬ 
ary  reactions  were  involved  in  pyrolysis.  Primary  reactions,  which 
take  place  at  temperatures  below  300°C,  formed  products  which  were 
mainly  low-molecular  weight  volatiles,  such  as  water,  carbon  dioxide, 
and  atmonia.  Secondary  reactions,  which  take  place  at  temperatures 
above  300“C,  resulted  in  a  high  degree  of  crosslinking.  Kamerbeck 
postulated  the  following  reaction  pathways  to  explain  the  formation 
of  these  light  gases; 

(a)  Two  carboxyl  end  groups  might  react  as  follows: 
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— .nh4ch2)5-cooh  +  h:::4ch2)5-.vh - - 

0 

-NH4CH2)5-C4CH2).-NH-  +  CO2  +  H2O  (14) 

Also  a  carbonyl  croup  can  give  rise  to  a  branched  structure: 

C=0  +  H,fi  —  -  C=ri—  +  H-0  (15) 

I  4  t  ^ 

(b)  Two  acino  end  groups  night  react  in  thefol lowing  way: 

0  0 
^C4CH2)5-NH2  +  H2N{CH2)5-C—  — ^ 


0  H  ? 

-C4CK2)5-?i(CH2)5-C-  +  (16) 

There  was  no  explanation  for  the  appearance  of  carbon  monoxide  in  the 
work  by  Kanerbeck. 

Several  authors^®^*^^^  reported  in  recent  articles  that  the  py¬ 
rolysis  of  Nylon  resulted  in  depolyrerization  and  not  crosslinking  of 
the  aliphatic  polymer  chains.  The  overall  decomposition  process  for 
Nylon  was  assumed  to  be  typical  of  a  random  chain  scission  of  linear 
chains  similar  to  that  reported  for  linear  polyethylene. This 
theory  was  based  on  the  identification  of  c-caprolactam  and  oligomeric 
units  produced  during  the  pyrolysis  of  Nylon  6  polymer.  For  example, 
Chelnokova  and  Rafikov^®^^  identified  aimonia,  carbon  dioxide  and  cyclic 
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monomer  and  oligo-ers  during  the  t^rclysis  of  Nylon  6  and  65  at  350= C. 
Kiunov  et  indicated  that  rhe  major  products  from  the  pyrolysis 

of  Nylon  was  e-caprolacta-.  Kiur.ov  also  found  that  the  amorphous  re¬ 
gion  was  more  likely  to  be  attacked  by  heat  than  the  crystalline  region. 
Similar  observations  were  reported  by  Heuvel^®^^  and  Goldstein^®^^ 
suixiarized  their  results  and  suggested  that  both  free-radical  and 
hydrolytic  decomposition  (caused  by  water  tightly  bound  to  the  amide 
groups)  occur  simultgneously  during  tne  pyrolysis  of  Nylon  poljr:ers. 
Both  the  -C-N-  and  -C-CH2-  bonds  were  assir-ed  to  break  during  the 
thermal  degradation. 

2.  Oxidative  degradation 

Levantovskaya  ct  determined  the  volatile  products  result¬ 

ing  from  the  oxidative  degracatior.  of  polyamides  and  suggested  a  poss¬ 
ible  mechanism  for  the  thermal  oxidation  of  polyamides.  The  major  pro¬ 
ducts  obtained  from,  the  thermal  oxidation  of  Nylon  6  were  water,  carbon 
dioxide, and  carbon  monoxide.  Methanol,  form.aldehyde,and  acetaldehyde 
were  formed  in  much  smaller  quantities.  Levantovskaya  assumed  that 
the  oxygen  molecule  initiates  the  chain  process  of  oxidation  in  degra¬ 
dation.  It  has  been  suggested  by  the  results  of  the  photo-oxidation 
and  irradiation  of  low-molecular-weight  polyamides,  that  the  m^ost  m.o- 
bile  hydrogen  atom,  in  the  polyamide  molecule  may  be  on  the  carbon  ad¬ 
jacent  to  the  NK  group. 

Levantovskaya,  therefore,  postulated  the  following  mechanismis: 

_ CH2CONHCHCH2  ^ —  +  HO2. 


CH2NHCONHCH2CH2 


(17) 


0-0 


.CH2C0NHCHCH2- 


+  0, 


-CH^CONHCHCK^* 


r  \ 

chain  rupture  transfer 


(18) 


Sumi  and  TsuchiyaS^^^  Wool  ley, and  Einhorn  analyzed 

combustion  products  of  polymeric  materials  containing  nitrogen.  In  ad¬ 
dition  to  carbon  monoxide,  carbon  dioxide»and  water,  significant  a- 
mounts  of  hydrogen  cyanide  were  observed  from  the  combustion  of  Nylon 
6  polymer. 

In  addition  to  the  literature  quoted,  there  are  a  number  of  other 
references  which  are  available  for  developing  a  better  understanding  of 
the  therm, al  degradation  of  Nylon  polymers.  Three  such  references  are 
by  Madorsky,^^®^  Conley,^^^^  and  Stepniczka. 


C.  Experimental  Program 

The  sample  of  Nylon  6  polymer  used  in  this  study  was  received 
through  the  courtesy  of  Teijin,  Inc.,  Japan.  The  assumed  structure  of 
this  Nylon  6  polymer  is: 

0 

CH2)5-CNH 

with  a  molecular  weight  of  113  per  repeat  unit. 

1 .  Polymer  characterization 

The  Nylon  6  sam.pl e  was  crushed  into  powder  and  dried  at  10 
torr  pressure  at  60°C  for  one  week. 
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npmgntal  analysis.  Carbon,  hydrogen,  nitrogen, and  oxygen  analy¬ 
sis  was  perfomed  on  the  Nylon  6  polyner  in  this  laboratory.  A  sum¬ 
mary  of  the  results  of  this  elem.ental  analysis  is  present  in  Table  15, 
together  with  the  theoretical  composition  based  upon  the  assum.ed  mono¬ 
meric  unit.  Excellent  agreement  was  found  between  the  experimental  re¬ 
sults  and  those  obtained  by  theoretical  calculation.  According  to  the 
manufacturer's  information,  a  slight  amount  of  titanium  oxide  was 
added  to  the  polymer  as  a  pigment;  this  pigment  may  account  for  the 
slight  difference  between  the  actual  and  calculated  elemental  composi¬ 
tion. 

Table  15.  Elemental  Composition  of  Nylon  6  Polymer 


El ement 

Composition 

Sample  as 
received 

Theore¬ 

tical* 

Carbon 

63.82 

63.69 

Hydrogen 

9.92 

9.80 

Nitrogen 

12.41 

12.38 

Oxygen 

13.85 

14.13 

Total  percent 

100.00 

100.00 

*Composition  based  upon  the  structure  of  the 
monomeric  unit. 


■  Infrared  analysis.  The  infrared  spectrum  for  the  Nylon  6  polymer, 
shown  in  Figure  11,  was  obtained  using  a  thin  film  prepared  from  polymer 


Figure  11.  The  Infrared  spectrum  of  Nylon 
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melt.  The  spectrurri  is  identical  with  a  standard  spectrum  of  Nylon  6 
polymer.  A  summary  of  the  band  assignments  for  this  spectrum  is  pre¬ 
sented  in  Table  16. 

2.  Themoanalytical  studies 

A  series  of  experiments  were  conducted  to  determine  the  effects 
of  dynamic  heating  rate  and  the  oxygen  content  of  the  degradation 
environment  on  the  decomposition  of  the  Nylon  6  polymer.  Simultaneous 
thermal  analysis  procedures  (DTA,  DTG  and  EGA)  were  used  to  follow 
the  decomposition  process. 

Effect  of  heating  rate  on  pol\r-er  degradation.  Samples  of  Nylon 
6  polymer,  10  +  0.1  mg,  were  heated  at  6,  10,  25, and  100°C/r,in.  rates 
from  ambient  to  1000*C  to  determine  the  effect  of  heating  rate  on  the 
decomposition  process.  Figure  12  is  a  composite  drawing  containing 
the  averaged  TGS  (three  runs  per  sample)  spectra  conducted  in  an  air 
environment  at  the  selected  four  heating  rates.  There  was  no  notice¬ 
able  weight  loss  at  any  of  the  four  heating  rates  below  270°C  in  this 
environment.  The  samples  lost  weight  gradually  until  a  temperature  of 
350®C  was  reached.  A  marked  increase  in  the  rate  of  weight  loss  oc¬ 
curred  at  approximately  375’C;  by  450’C  approximately  90  percent  weight 
loss  had  occurred  in  all  samples  heated  at  the  pre-selected  heating 
rates.  During  this  degradation  mode  the  sample  was  observed  to  turn 
color,  first  brown,  then  black.  At  approximately  415®C  a  yellow  smoke 
appeared  and  clear  liquid  droplets  were  observed  to  form  at  the  outlet 
tube  of  the  quartz  furnace.  The  major  degradation  step  which  occurred 
between  350®  and  450®C  was  insensitive  to  the  heating  rate.  The 
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polymer  residue  remaining  above  £-“"0  was  observed  to  be  in  the  form 
of  a  black  char  layer  that  degraded  at  an  appreciably  slower  rate. 

The  remaining  char  was  decomposed  by  SoC'C  at  the  slowest  heating  rate 
and  by  640'“C  at  the  heating  rate  cf  ICO^’C/min, 

Effect  of  environ-ent  on  oo'!.'~er  deerspation.  Little  overall  dif¬ 
ferences  were  observed  when  samples  of  the  l.ylcn  6  polymer  were  decom¬ 
posed  in  oxygen,  air  and  helium  environments.  Figure  13  is  a  composite 
figure  which  contains  the  T3A  spectra  obtained  during  thermal  decom.posi 
tion  of  the  hylon  6  polymer  in  t-he  three  environments.  The  polymer  ig¬ 
nited  spontaneously  at  approximately  425’C  in  the  oxygen  environment, 
but  in  an  air  atmosphere  it  was  observed  to  slowly  form  a  black  char 
without  ignition.  The  polymer  sa~?le  .which  was  heated  in  the  helium 
environment  did  not  begin  to  discolor  until  approximately  265'C  (25®C 
higher  in  temperature  than  was  observed  in  samples  in  the  oxidative 
environments).  It  should  be  noted  that  a  char  was  not  formed  during 
the  decomposition  of  the  Nylon  €  polymer  in  the  inert  helium  environ¬ 
ment. 

The  simultaneously-generated  “TA  and  DTS  traces  for  the  three 
environments  under  investigation  for  Nylon  6  polymer  are  presented  in 
Figures  14  and  15,  respectively.  A  heating  rate  of  10°C/min  was  used 
in  all  of  these  experiments.  As  indicated  in  Figure  14,  the  degrada¬ 
tion  process  in  helium  was  a  slightly  endothermic  process.  In  both 
air  and  oxygen  environments  the  decomposition  process  was  highly 
exothermic. 

The  DTA  curve  corresponding  to  thermal  decomposition  in  the  air 
environment  was  composed  primarily  of  a  single  peak  with  a  maxima  at 
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Figure  15.  The  DTG  traces  for  Nylon  6  polymer  in  helium,  air,  and 
oxygen  environments  at  10®C/minute. 


436*C.  A  slight  tailing  in  the  DTA  curve  at  higher  temperatures  may  be 
due  to  the  decomposition  of  the  char  structure.  In  the  oxygen  environ¬ 
ment  the  DTA  curve  was  more  complicated,  exhibiting  several  peaks  in  , 
addition  to  the  main  maxima  observed  at  423'C. 

The  DTG  traces  (Figure  15)  exhibited  mome  details  of  the  decompo¬ 
sition  process.  In  the  helium  environment  there  was  an  additional  peak 
at  454®C.  The  curve  is  symmetric  with  the  exception  of  the  low  temper¬ 
ature  region,  indicating  that  the  degradation  mechanism  in  helium  is 
rather  simple  and  may  consist  of  a  single  decom.position  process. 

In  both  air  and  oxygen  environments  the  DTG  traces  indicated  that 
several  decompositions  take  place.  In  air  there  was  one  major  maxima 
at  425°C  and  several  smell  maxim.a  were  observed  at  341®C,  396®C  and 
525°C.  The  broad  peak  at  525®C  corresponds  to  oxidative  decomposition 
of  the  char  structure. 

In  an  oxygen  environment  more  distinct  maxima  were  found  to  appear 
in  the  DTG  trace.  The  major  weight  losses  occurred  at  354°C,  421 °C, 
427°C  and  490®C.  In  addition  to  these  peaks,  several  additional  minor 
peaks  were  observed. 

Table  17  contains  a  summary  of  the  more  important  features  that 
were  observed  upon  heating  the  Nylon  6  polymer  in  the  helium,  air, 
and  oxygen  environments.  These  include  the  temperature  of  the  DTG 
maxima,  the  temperatures  where  5,  50  and  90'.-  of  the  sam.pl e  was  consumed, 
the  reaction  thermodynamics  that  were  observed  and  the  amount  of  resi¬ 
dual  chars  remaining  at  "i  point"  (see  Figure  6). 


Amount  of  Char  remaining  at  "i"  point. 
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3.  Pyrolysis  studies 

Pvroprobe  (fast  heating)  studies.  The  initial  pyrolysis  experi- 
oents  were  carried  out  using  the  direct  probe  pyrolysis  unit  that  was 
inserted  into  the  injection  port  of  the  GC.  Pyrolysis  experiments 
were  performed  with  the  probe  temperature  set  at  1000®C.  A  fast-heat¬ 
ing  ramp  v;as  employed  to  reach  the  pre-selected  temperatures  as  quickly 
as  possible.  The  final  probe  temperature  was  maintained  for  20  seconds 
to  insure  complete  pyrolysis  of  the  sample.  A  3  to  4  mg  sample  of 
Nylon  6  was  used  for  these  experiments;  pyrolysis  resulted  in  approxi¬ 
mately  an  85  percent  sample  weight  loss. 

The  pyrolysis  of  the  Nylon  6  polymer  was  followed  using  three 
different  GC  columns  for  separation  and  identification  of  degradation 
products:  5  m  long  by  4  mm  O.D.  column  packed  with  Chromosorb  101; 
a  3  m  long  by  4  mm  O.D.  column  packed  with  Chromosorb  103;  and  a  5  m 
long  by  4  mm  O.D.  column  packed  with  Chromosorb  104.  The  temperature 
of  the  GC  was  raised  at  a  rate  of  lO’C  per  minute  from  0®C  to  260°C  in 
order  to  separate  and  identify  the  decomposition  products. 

Figure  16  is  a  composite  figure  containing  the  chromatograms 
obtained  using  the  Chromosorb  101,  103  and  104  supports.  The  absolute 
amounts  of  each  component  were  calculated  from  the  integrated  GC  peak 
areas  using  internal  standards  and  the  technique  described  in  Chapter 
IV.  Almost  all  the  volatile  compounds  were  identified  by  the  GC/f'S 
techniques.  About  43  percent  (428.3  mg  of  volatile  compounds  per  gram 
of  the  original  sample)  was  accounted  for  by  the  degradation  products 
listed  in  Table  IS.  This  group  of  compounds  accounts  for  approximately 
97  percent  of  the  volatile  compounds  produced,  as  indicated  by  the 


TIME  (minutes) 

products  produced  during  the  thermal  decomposition  (fas 
1  6  at  1000"C. 


Table  18.  Low-Boiling  Volatiles  Produced  During  The  Pyrolysis 
(Fast  Heatingf  of  Nylon  6 
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Compound 

Peak  Number*" 
(Cl  01) 

Peak  Number*" 
(Cl  03) 

Peak  Number*^ 
(Cl  04) 

Quantity*^ 

Low-boiling  Vola- 

tiles 

Carbon  monoxide 

1 

1 

1 

47.30 

Methane 

2 

2 

2 

23.71 

Carbon  dioxide 

3 

3 

3 

18.79 

Ethyl ene 

4 

4 

4 

63.23 

Acetyl ene 

5 

Trace 

Ethane  ^ 

6 

5 

10.58 

Ammonia“^ 

6 

14.35 

Water 

7 

10 

9 

20.33 

Propene 

8 

7 

5 

49.78 

Hydrogen  cyanide 

9 

10 

Trace 

1 -Butene 

10 

8 

6 

7.66 

1 ,3-Butadiene 

11 

9 

7 

14.10 

1-Pentene 

12 

11 

8 

5.56 

Acetonitrile 

13 

12 

12 

11.91 

Propenenitrile 

14 

13 

11 

14.74 

Propanenitrile 

15  i 

14 

15 

12.98 

Methacrylonitrile 

16 

14 

1.05 

3-Butenenitril  e 

17 

0.93 

Benzene 

18 

15 

13 

2.51 

Butanenitrile 

19 

17 

17 

6.41 

Pyrrol e 

20 

3.38 

Toluene 

21 

16 

16 

7.57 

Cyclopenatanone 

22 

18 

1.57 

Capronitrile 

23 

18 

19 

11.17 

Hexenenitrile 

24 

19 

4.57 

Styrene 

25 

0.95 

Phenol 

26 

0.84 

Benzonitrile 

27 

20 

2- 

0.93 

E-Caprolactan 

28 

21 

21 

71.38 

Total  (mg/g  sample) 

428.28 

“direct  probe  pyrolysis  at  1000°C  for  20  seconds  using  a  3.5  mg 
sample  in  a  helium  atmosphere. 

^Milligrams  of  compound  per  gram  of  sample  consumed  during  pyrolysis. 
Determined  mostly  on  C-101. 

^Correspond  to  peak  numbers  on  Figure  16. 

“^Determined  on  C-103. 


electronic  integrator.  The  peak  nurbers  refer  to  the  peaks  in  the  TC 
detector  response  curve  found  in  Figure  16. 

The  major  pyrolysis  products  produced  during  the  decomposition  of 
the  Nylon  6  polymer  (as  indicated  in  Table  18)  were  carbon  monoxide, 
amonia,  carbon  dioxide,  water,  e-caprolactam,  and  a  series  of  aliphat¬ 
ic  saturated  and  unsaturated  hydrocarbons  and  nitriles,  containing 
one  to  seven  carbon  atoms.  Small  concentrations  of  aromatic  compounds, 
including  benzene. and  toluene,  were  also  found  in  the  comp!  ex  combustion 
products  mixture.  Another  compound  of  toxicological  importance,  hydro¬ 
gen  cyanide,  was  identified  in  the  mixture  of  pyrolysis  products. 

Inasmuch  as  only  43  percent  of  the  original  sample  was  accounted 
for  during  this  analysis  of  the  low-bciling  volatiles,  it  was  assumed 
that  the  remaining  portion  of  the  sample  decomposed  was  in  the  form  of 
high-boiling  volatiles  (aerosols)  or  tars  which  either  condensed  within 
the  combustion/analytical  system  or  were  trapped  irreversibly  on  the 
GC  support  columns.  The  large  amount  of  e-caprclactam  identified  in 
the  mixture  of  combustion  products  suggests  the  possible  degradation 
mechanism  is  a  depolymerization  process - 

Thermoanalyzer  (slov/-heatincl  studies.  Samples  of  the  Nylon  6 
polymer  were  pyrolyzed  in  a  helium  environment  in  the  thermoanalyzer. 
The  heating  rate  to  which  the  polymer  was  exposed  was  100°C/min.  pro¬ 
grammed  from  ambient  to  1000°C.  The  pclyer  sample  was  virtually  con¬ 
sumed  by  the  time  the  temperature  of  the  furnace  reached  700®C.  A 
sample  size  of  50  mg  was  found  to  be  opti-tr:  for  both  the  identification 
and  quantification  of  the  decamposition  products. 

The  low-boiling  volatiles  produced  during  the  pyrolysis  of  the 


Nylon  6  polymer  in  a  helium  environment  were  collected  using  the  trap¬ 
ping  system  described  previously,  desorbed  from  the  porous  polymer  trap, 
and  analyzed  using  the  computerized  GC/MS  system. 

A  variety  of  GC  columns,  the  same  as  employed  for  the  analysis 
of  volatile  products  produced  during  the  fast-heating  experiments,  were 
used  for  positive  identification  of  the  individual  decomposition  pro¬ 
ducts. 

In  these  experiments  the  effluents  from  the  thermoanalyzer  were 
trapped  for  subsequent  analysis,  beginning  at  25D°C,  which  was  a 
temperature  level  just  below  the  range  where  the  first  major  weightless 
was  encountered.  Trapping  of  degradation  products  was  continued  for  a 
five-minute  period,  after  a  temperature  of  lOOC^'C  was  attained,  in 
order  to  collect  products  which  remained  in  the  furnace  of  the  thermo¬ 
analyzer  or  in  transfer  lines. 

A  total  of  nine  pyrolysis  experiments  were  conducted.  Five  pyroly¬ 
sis  runs  utilized  a  Chromoserb  101  support.  The  remaining  experiments 
utilized  Chromosorb  103  and  104  supports,  in  order  to  identify  com¬ 
pounds  which  were  not  separated  by  Chromosorb  101  and  to  provide  addi¬ 
tional  information  necessary  for  positive  identification  of  the  decom¬ 
position  products.  Amnonia,  for  example,  which  was  not  identified  on 
the  Chromosorb  101  column,  was  separated  and  quantified  on  a  Chromosorb 
103  support.  The  chromatographic  columns  were  programed  from  -10°C 
to  260°C  at  a  heating  rate  of  10°C/per  minute.  Typical  FID  and  TC 
detector  traces  obtained  using  the  Chromosorb  101,  Chromosorb  103  and 
Chromosorb  104  supports  are  illustrated  in  Figures  17,  18  and  19, 
respectively.  More  than  25  degradation  products,  which  were  identified 


Figure  17.  Low-boiling  volatile  products  produced 


Figure  18.  Low-boiling  volatile  products  produced  during  the  pyrolysi 


Figure  19.  Low-boiling  volatile  products  produced 
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and  quantified  in  this  phase  of  the  research  prcgra-  are  listed  in 
Table  19. 

The  carbon  ronoxide  fraction  in  the  evolved  cases,  which  was  ob¬ 
served  at  a  terperature  of  230*C  or  higher,  was  quantified  in  a  separ¬ 
ate  experinent  using  a  non-dispersive  infrared  spectrcreter .  This 
carbon  monoxide  fraction  accounted  fcr  4£  rg/gra-  of  the  original 
sample. 

As  indicated  in  Table  19,  32.31  rg/g  of  the  original  sample  weight 
were  identified  and  quantified  as  low-boiling  volatile  compounds  that 
were  liberated  during  the  slow-heatirg  pyrolysis  experiments. 

Samples  of  the  high-boiling  volatiles  (aerosols)  that  condensed 
on  the  glass  wool  trap  were  extracted  with  acetone  and  analyzed  by  IR 
spectroscopy,  GC/MS,  H?LC,and  elemental  analysis. 

The  aerosol  residue  which  was  extracted  from  the  glass  wool  by 
acetone  and  condensed  by  evaporation  techniques  was  in  the  form  of  a 
viscous  brown  oil.  This  compound  was  spread  on  a  sodiir:  chloride  plate 
and  the  infrared  spectrum,  illustrated  in  Figure  23,  obtained.  The  IR 
sp^trur;  closely  resembled  the  spectrj-  of  the  original  Nylon  6  polymer 
(see  Figure  11). 

Since  this  residue  dissolved  easily  in  ordinary  solvents,  such  as 
acetone,  dioxane.or  toluene,  this  fraction  was  assumed  to  be  composed 
of  oligomers  of  Nylon  6. 

A  Chronosorb  101  column  and  an  GV-1  coltx-n  were  used  for  separa¬ 
tion  of  the  aerosol  residue.  A  considerable  amount  of  e-caprolactam 
and  a  small  benzonitrile  fraction  were  identified  from  the  aerosol 
residue.  Figure  21  illustrates  the  chromatogram  of  the  residue 


Table  19.  Low-Boiling  Volatiles  Produced  During  The  Pyrolysis 
(Slow  Heating)  of  Nylon  6 


Peak  Numbers 

Compounds  on  Cl  01  on  Cl  03 

a 

on  C104 

T.E.fc 

R.F.^ 

Quantity^ ■ 

LowBoiling 

Volatiles 

Carbon  monoxide 

1 

1 

1 

0.670 

48.00 

Hethane 

2 

2 

2 

0.05 

1.C31 

55.«0 

Carbon  dioxide 

3 

3 

3 

0.97 

0.915 

16.76 

Ethyl ene 

4 

4 

4 

0.96 

0.980 

39.29 

Acetylene 

5  ’ 

5 

5 

0.96 

0.930 

4.36 

Ethane 

6 

6 

0.98 

1.031 

3.65 

Ammonia 

7 

6 

0.90 

0.561 

30.82 

Water 

7 

n 

10 

0.82 

0.550 

16.85 

Propene 

8 

8 

6 

0.98 

0.652 

46.92 

Hydrogen  cyanide 

9 

11 

0.99 

1.5CD* 

5.43 

1-Butene 

TO 

9 

7 

0.97 

0.657 

2.41 

1,3-Butadiene 

n 

10 

8 

0.97 

0.674 

5.1 6 

l-Pentene 

12 

9 

0.97 

0.706 

3.57 

Acetonitrile 

13 

12 

12 

0.95 

0.961 

5.57 

Propenenitrile 

1.4 

13 

13 

0.95 

C.6c2 

6.95 

Propanenitrile 

15 

04 

16 

0.95 

C .  6  s  w 

3.27 

Metacrylonitrile 

16 

15 

0.95 

0.632 

0.9S  1 

3-Butcnenitrile 

17 

18 

0.95 

C‘.727 

C.70 

Benzene 

18 

15 

14 

0.90 

0.780 

3.93 

^tanenitrile 

17 

19 

0.95 

0.756 

2.37 

Pyrrole 

Toluene 

19 

20 

0.90 

0.727 

0.66 

20 

16 

17 

0.95 

0.75: 

4.14 

Cyclopenanone 

Ca  pronitrile 

21 

22 

16 

21 

22 

0.90 

0.90 

0.827 

0.8C5 

0.60 

4.34 

Hexenenitrile 

23 

19 

23 

0.90 

C.7H5 

2.11 

Styrene 

21 

0.88 

0.8CO 

1.28 

Phenol 

24 

0.88 

1.1C5 

0.25 

Benzonitrile 

25 

24 

0.88 

0.855 

1.10 

E-Caprolactar. 

26 

20 

25 

0.957 

Total  Low- Boiling  ' 

Volatiles 

323.11 

High-Boiling  Volatiles 

E-Caprolactar 

Oligomer 

129.60 

519.00 

Total  High-Boiling  Volatiles 

648.80 

Total  (mg/g  sample 

> 

i 

971.91 

•Estimated 

Corresponds  to  peak  nuinbers  In  Figure  17,  IS,  and  19  on  Chronosorb 
101.  Chromosorb  103.  and  Chronosorb  104  respectivel>- 

Relative  trapping  efficiencies. 

Relative  Response  factors  for  the  thermal  conductivity  detector. 
CliUlgrans  of  compound  produced  per  gram  of  original  polymer. 


of  Nylon  6  In  helium  (On  0V-l-3'“). 
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obtained  using  an  OV-1  column  in  the  temperature  ranee  of  130°C  to 
220®C.  The  major  peak  is  c-caprolactam,  which  was  detemined  to  be 
approximately  20  percent  of  the  aerosol  residue.  The  insoluble  com¬ 
ponent  of  the  high-boiling  volatile  fraction  was  assj"ed  to  be  com¬ 
posed  of  oligomers  of  Nylon  6. 

The  high-boiling  volatiles  were  dissolved  in  acetonitrile  and  in¬ 
jected  to  the  reverse-phase  Whatman  ODS  column  of  the  high  perform.ance 
liquid  chromatograph,  Perkin-Elmer  Model  601  (Figure  22).  A  35/65 
mixture  of  CH2CH/H2O  was  used  for  mobile  phase  with  a  flow  rate  of 
1.0  ml/nin  and  the  separated  compounds  were  monitored  by  UV  detector. 
The  major  peak  (see  Figure  22)  was  found  to  be  c-caprclactan;  no  other 
significant  low  molecular  compounds  were  found. 

The  high-boiling  volatiles  were  analyzed  for  carben,  hydrogen, 
nitrogen  and  oxygen  content.  The  results  of  these  duplicate  analyses 
are  listed  in  Table  20,  together  with  the  theoretical  composition  of 
Nylon  6  polymer  and  c-caprolactam. 

The  composition  of  the  residue  was  found  to  be  similar  to  the 
theoretical  values  calculated  for  the  Nylon  6  polymer  and  c-caprolac- 
tam.  These  results  indicate  that  the  aerosol  residue  is  composed  of 
the  mixture  of  c-caprolactam  and  oligomers  of  the  Nylon  6  polymer. 

As  indicated  previously  in  Table  19,  37.31  mg/g  of  original 
sample  was  recovered  in  the  form  of  low-boiling  volatiles.  649  mg/g 
of  original  sample  were  recovered  in  the  form  of  high-bciling  aerosols. 
It  is  assumed  that  the  unaccounted  for  weight  loss  was  attributed  to 
light  gases,  such  as  nitrogen  or  hydrogen,  which  were  r.ct  trapped  in 
the  system  used,  plus  additional  compounds  which  condensed  in  the 
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Figu»-e  22.  Liquid  chromatograr,  of  the  high-boilirg  volatiles  pro¬ 
duced  during  the  pyrolysis  {slow  heatir.ol  of  ’.ylon  6 

in  helium. 
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corbustion  system  and  did  not  elute  fron  the  furnace  or  GC  column. 

As  shown  in  Table  19,  carbon  monoxide,  methane  carbon  dioxide, 
ethylene,  amonia,  water,  propane  and  c-caprolactam  comprised  major 
products  formed  during  the  pyrolysis  of  Nylon  6.  The  ratio  of  con¬ 
tent  of  these  major  products  is  similar  to  the  product  distribution 
that  was  found  using  the  direct  probe  pyrolysis  unit  (see  Table  18). 

A  substantial  amount  of  saturated  or  unstaturated  hydrocarbons,  ali¬ 
phatic  nitriles, and  several  aromiatic  compounds  were  also  formed  during 
the  pyrolysis  of  the  Nylon  6  polymer  using  the  thermoanalyzer.  The 
concentration  of  hydrogen  cyanide  was  found  to  form  in  higher  amounts 
daring  the  slow  heating  experiments,  as  compared  to  the  concentrations 
of  this  product  formed  during  the  direct  probe  pyrolysis  studies. 

ffe  evidence  of  char  structure  was  observed  during  these  thermal 
degradation  studies.  This  is  consistent  with  previous  studies  reported 
in  the  literature  as  well  as  the  thermoanalyzer  traces  obtained  in  the 
present  work. 

Materials  Balance.  The  total  quantity  of  pyrolysis  products  pro¬ 
duced  during  the  decomposition  of  the  Nylon  6  polymer  was  971.9  mg 
(97.2  percent)/gram  of  the  original  sample  weight.  Table  21  is  a 
S'xrary  of  the  materials  balance  obtained  after  identification  and 
quantification  of  decompositon  products. 

When  the  elemental  composition  of  the  identifiable  materials  were 
sinced,  94.6  percent  of  the  carbon,  100.8  percent  of  the  hydrogen, 

95.1  percent  of  the  nitrogen  and  108.2  percent  of  the  oxygen  that  were 
present  in  the  original  sample  are  accounted  for  in  the  products 
identified  and  quantitated  during  these  experiments. 
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4.  Oxidative  degradation  (si ov— **:3ting)  studies 

Samples  of  Nylon  6  polymer  were  degraded  under  dynamic  heating 
conditions  from  ambient  temperatures  tc  1000®C.  Heating  rates  of  10, 

25,  and  100®C/min  were  used  to  detemfrte  the  effect  of  the  heating 
rate  on  polymer  degradation.  The  ef%st  of  the  sample  size  was  also 
investigated.  Chemical  analysis  was  conducted  at  intermediate  stages 
of  decomposition  where  7,  50,  70  and  ST  percent  of  the  original  poly- 
ser  weight  was  lost. 

In  addition  to  the  experiments  conducted  under  dynamic  heating 
cw^ditions,  several  experiments  were  performed  under  isothermal 
conditions. 

The  low-boiling  volatiles  (exciidrng  carbon  monoxide  and  e-cap- 
rolactar.)  have  been  identified  and  o.sTtitated  using  the  6C/KS  tech- 
niqjes  that  were  discussed  earlier.  Tne  carbon  monoxide  concentration 
at  selected  temperatures  was  measurad  using  an  IR  technique.  The 
high-boiling  volatiles,  which  were  t-soped  at  the  outlet  of  the  thermo¬ 
analyzer,  were  identified  using  IR  amd  GC/MS  techniques.  The  GC 
columns  used  to  separate  and  quantitste  the  volatile  products  included 
Chrocosorb  101,  103  and  104. 

Analysis  of  Low-Boiling  Volati'a  Products.  More  than  25  trapping 
gjperioents  were  performed  to  identi'^  and  quantitate  the  volatile 
products  resulting  from  the  thermal  cxidative  degradation  of  the  poly- 
cer.  Most  of  the  experiments  utilicsd  a  50  mg  sample  size,  which  was 
determined  to  be  most  appropriate  fir  the  structural  identification  and 
the  quantitation  of  degradation  prrdUcts.  The  sample  was  heated  from 
asfcient  to  lOOO^C  at  the  rate  of  TSKImn.  Chromatograms  of  the 
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GC-resolved  products  from  the  oxidative  degradation  of  Nylon  6  politer 
are  presented  in  Figures  23,  24  and  25;  both  FID  and  TCD  responses  are 
illustrated. 

A  16  ft.  X  1/8  in.  O.D.  column  containing  Chromoscrb  101,  a  3  m 
X  4  mn  O.D.  column  of  Chronosorb  103  and  a  16  ft.  by  1/8  in.  0.0. 
column  with  Chromosorb  104  were  temperature-prograrred  fron  -10  to 
260®C  at  10®C/min  to  obtain  separation  and  quantitation  of  the  degra¬ 
dation  products. 

More  than  30  components  have  been  identified  in  the  mixtures  of 
low-boiling  volatiles  obtained  during  these  experiments.  Table  22 
contains  a  summary  of  the  compounds  that  have  been  identified.  The 
peak  numbers  in  the  table  correspond  to  the  6C  peaks  in  Figures  23,  24 
and  25  and  the  T.E.  and  R.F.  values  that  were  used  in  the  calculation 
of  the  quantities  of  each  component  are  also  included.  The  sum  of  all 
the  volatile  compounds  that  were  determined  by  analytical  technique  is 
1609  mg  per  gram  of  the  original  sample.  It  should  be  noted  that  a 
sunmary  of  the  volatile  products  identified  total  approximately  60 
percent  higher  than  the  weight  of  the  sample  used.  This  increase  in 
weight  was  due  to  the  interaction  with  oxygen  in  the  sample's  environ¬ 
ment  and  resulted  in  increases  in  the  amounts  of  carbon  monoxide,  car¬ 
bon  dioxide  and  water  produced,  compared  to  that  measured  during  prior 
pyrolysis  studies.  It  should  also  be  noted  that  amcnia,  which  was 
identified  in  the  degradation  in  the  inert  environm.ent,  was  not  found 
to  be  produced  in  the  oxidative  environment.  As  noticed  during  the 
thermal  decomposition  of  other  nitrogen-containing  polymers,  the  con¬ 
centration  of  hydrogen  cyanide  produced  in  the  oxidative  environment 
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Table  22.  Low-Boiling  Volatiles  Produced  During  the  Oxi 
(Slow  Heating)  Degradation  Of  Nylon  6 


boaV  iMOe'  on^ 

1 

Compounds 

C-101 

C.1C3 

T.tr 

R.r.*^ 

LOi^-iC^lIn; 

bolatllcs 

! 

Carter  arnnoilde 
mtnana 

Ca*tor  dioxide 
bitrous  oxide 
ttrylene 
teatylene 

Ctnane 

Cytno9cn 

bate^ 

bropene 

Hyd^gar  cyanide 
betna-c" 
Acruidenydc 
•utana 

l^lutadicne 

Etna-sl 

l^antene 

Jketoritrnt 

Propaner-trila 

•ttronetM»*e 

Propa'»a**’^trile 

Ptetacv^onitrile 

3-E**taneritrna 

J  laniere 
•uUnarttrila 
[  Pyrrcla 

1  Pentanenltrlle 

1  Toluare 

1  CjfCloocrunone 
i 

1  Ca?*v^*’ir11a 
Stjra^e 

'  Neienaritnie 

Pnencl 

lenzD'^itme 

£-CapreTacur 

1 

2 

3 

4 

5 

6 

7 

9 

8 

10 

11 

12 

13 

14 

15 

17 

U 

16 

19 

2C 

21 

22 

23 

24 

25 

26 

27 

26 

29 

3C 

31 

32 

33 

34 

1 

2 

3 

4 

5 

6 

9 

7 

S 

10 

n 

12 

13 

14 

15 

16 

17 

1 

2 

3 

4 

5 

6 

13 

7 

12 

9 

8 

1C 

14 

11 

16 

15 
2C 
19 

16 
22 
17 

23 

24 

21 

25 

26 

27 

26 

29 

C.C5 

0.97 

l.X 

0.96 

0.96 

0.96 

0.44 

c.e: 

0.96 

0.99 

0.75 

0.90 

0.97 

0.9' 

C.85 

0.97 

0.95 

C.9S 

0.95 

0.95 

0.95 

0.95 

C.9C 

0.95 

0.9= 

0.95 

0.95 

0.95 

0.9: 

0.9: 

0.86 

0.9: 

0.88 

Q.6c 

i 

0.670 

1.C31 

0.9U 

0.8?: 

c.9e: 

0.93: 

1. C31 
1.5 
0.55G 
0.652 
1.5» 
4.348 
1.8* 
0.895 
C.B7: 
0.64: 
C.66: 
0.9€' 
C.6£: 

2. C 
0.650 
C.72^ 
C.727 
C.75: 
C.68: 

c.r*. 

0.692 

0.794 

o.sr 

1  0-8^6 
!  c.8:= 

C.B3C 

C.7B5 

1.1C5 

0.895 

C.957 

47:. o:  ■ 
72. e:  ' 
525.0: 

3.2c  i 
14.37 

C.15 

4.22  ' 
.Tr»ce 

41  c  c: 
15.23  . 
13.71 

4.34 

3.39  1 
•4.31  1 
5.8=  1 

?:r  1 

14.21 
i5.:3  ; 
C.6: 
4.34  . 

0.63 

1.31 

3.21 

3-C* 

0.24  , 

Tr«:e  . 
3.1? 
1.55 
C.C5 
£.3'  . 

COE  { 

!  2.15  : 

1  0.30  i 

i  0.3:  : 

1  ...  , 

Total  LOtf-BcilIng 
tolatlles 

1605.C3  i 

•ilgiwScilIng  Volatiles 

1 

C-Caprvl  actor 

Ollponen? 

161. K  i 

63.0:  1 

Sub-total  Higv 
lolling  Volatiles 

23:. 00  ! 

Total  (bg.'5  Sarple) 

183  5.03  j 

nsttBit«d 

toldative  el«ridit1on  of  four  $4fr;les  »nth  •  iorole  jiie  of  5C.C 
■D.  fnm  onblfTt  to  10X*C  it  th«  hMtIn?  rote  of  ZVZ/r^n 

titftfaDanilyxer. 


^rrtSPO«^t  to  pcoii  iMoberj  in  ri9ure  23,  2*  tnd  25  on  Cnro^sort 
im.  103  ChroBcsorfi  ICX  respectnel/. 

^ioUtfvt  tripping  tfficlencles. 

rtsponje  fictori  for  tn#  thtnal  conductivity  drtoctor. 

Vllllgr^n  of  compound  producod  ptr  qrm  of  pol>mor  ts  ooiiurid  ty 
Mlytlcal  tachnioucs. 


^Motlvt  rtsponw  factors  for  th*  flama  loniMtIon  dttactor. 
^(tuant  lata  tad  by  tha  rtsidut  analysis  tachnlques  (Sat  Chapta^  IV). 
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was  greater  than  that  observed  to  be  produced  in  the  inert  envircr-ent. 

The  quantity  of  carbon  monoxide  produced  during  the  therral  de¬ 
composition  of  the  Nylon  6  polymer  in  the  oxidative  environment  «as 
determined  in  separate  experiments  using  the  infrared  techniques  out¬ 
lined  in  Chapter  IV.  The  carbon  monoxide  values  obtained  are  included 

in  Table  22. 

Analysis  of  hich-boilina  volatile  products.  The  IR  spectrum  of 
this  condensed  fragment  is  shown  in  Figure  26.  This  spectrum  closely 
rese-bles  the  spectra  of  c-caprolactam  is  shown  in  Figure  27  for  com¬ 
parison  purposes. 

The  condensed  high-boiling  volatile  fragment  was  dissolve- 
acetone  and  injected  onto  an  OV-1  volumn  at  180°C.  The  temperature 
of  the  column  was  prograixied  at  a  rate  of  10°C/min  from  Icu-C  to 
The  major  peak  found  was  identified  as  c-caprolactam  which  co—rised 
approximately  70  percent  of  the  aerosol  residue. 

The  high-performance  liquid  chromatograph  (HPLC),  Perkin-E'nsr 
Model  601,  was  used  for  the  analysis  of  the  aerosol  residue,  -r.s 
sample  was  dissolved  in  acetronitrile  and  injected  to  the  reverse 
phase  Whatman  ODS  column.  A  35/65  mixture  of  CH3CH/H2P  was  used  for 
mobile  phase  monitored  by  UV  detector.  The  chromatogram,  obtained  with 
the  condensed  high-boiling  fragment  was  almost  identical  to  the  chroma 
togram.  obtained  for  the  condensed  fragment  from  the  Nylon  6  polymer 
during  pyrolysis.  The  major  peak  was  identified  as  c-caprolactar  by 

the  retention  time. 

The  elemental  composition  of  the  aerosol  residue  was  determined. 
The  results  from  the  duplicate  analysis  are  presented  in  Table  23. 


Fioure  26.  The  infrared  spectrum  of  the  high-boiling  volatiles  produced  during 
oxidative  degradation  (slow  heating)  of  Nylon  6  in  air. 


1 1' •>'*'*'•'**  ^p*M;truin  of  i 
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Table  23.  Elemental  Composition  of  Residue  Produced  During 
Oxidative  (Slow  Heating)  Degradation  of  Nylon 6 


t 

O' 

Composition 

Carbon 

Hydrogen 

Nitrogen 

Oxygen 

f- - 

1  Kixed  Residue 

64.23 

9.02 

13.30 

13.45 

1  Theoretical 
\  composition  of 

1  e-caprolactam 

63.72 

9.73 

12.39 

14.16 

1  Theoretical 
[  composition  of 
t  Nylon  6  polymer 

■1 

63.72 

9.73 

12.39 

14.16 

< 

along  witH  the  theoretical  composition  of  Nylon  6  polymer  and  c-capro- 
lactam.  It  can  be  seen  that  the  composition  obtained  closely  resembled 
that  of  polymer  and  e-caprolactam.  Using  the  results  of  this  analysis 
it  is  concluded  that  the. aerosol  residue  was  composed  of  approximately 
73  percent  of  c-caprolactam  and  30  percent  of  oligomers  of  the  Nylon  6 
polymer.  The  calculated  concentrations  of  c-caprolactam  and  oligomers 
are  listed  in  Table  23. 

teterials  Balance.  One  can  calculate  the  material  balance  for  ni¬ 
trogen,  carbon,  hydrogen, and  oxygen  using  the  quantitative  data  pre¬ 
sented  in  earlier  sections  on  the  low-boiling  volatile  products  and 
the  high-boiling  volatiles  produced  during  the  thermal  decomposition 
of  the  Nylon  6  polymer  in  an  air  environment.  Table  24  contains  a 
sumary  of  the  material  balance  that  was  obtained  from  this  experimen¬ 
tal  study  of  Nylon  6.  When  the  elemental  composition  of  the  identified 


Table  24.  Materials  Balance  -  Oxidative  (Slow  Heating) 
Degradation  Of  Nylon  6^ 


Weight  (mc/gram  sar.ple) 


Total 

Carbon 

- —  —  T- 

Hydrogen  ’ 

fiitrogen  j 

1 

Original  polymer  ! 

1 

1000 

638.2 

99.2 

124.1 

•Material  recovered  I 

.  J 

1839.03 

638.0 

■ 

99.0 

1 

50  1 

Low-boiling  volatiles  , 

1 

1604.03 

491.0 

77.0 

! 

1 

22  j 

1 

1 

!  High-boil ing  volatiles  ■ 
(aerosols)  | 

f 

1 

230.00 

147.0 

22.0 

'  i 

i  1 

1 

23 

i 

1 

Solid  residue  (char)  | 

1  0.00 

0.0 

j  0.0  i 

i - - 

0 

1 

Percent  of  polymer 
accountable  in 
decomposition  products 

1 

!  ; 

i 

i 

> 

^Sar.ple  size  was  50  mg,  and  the  heating  rate  was  25°C/min. 
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decomposition  products  is  summed,  100.0  percent  of  the  carbon,  99.8 
percent  of  the  hydrogen  and  40.3  percent  of  the  nitrogen  that  were 
present  in  the  original  sample  are  accountable  in  the  products 
observed. 

Since  almost  all  of  the  nitrogen  present  in  higher  boiling  com¬ 
pounds  was  identified,  it  is  assumed  that  the  bulk  of  the  nitrogen 
missing  was  in  the  form  of  N2  or  NO.  More  reliable  techniques  are  be¬ 
ing  developed  to  permit  trapping  of  these  low-molecular  weight  gases. 

It  is  not  possible  to  obtain  an  actual  materials  balance  for  oxygen 
since  the  sample  reacts  with  the  oxygen  in  its  environment  during  the 
degradation  process.  Considerable  increases  in  the  concentrations 
of  carbon  monoxide,  carbon  dioxide  and  water  were  measured,  as  compared 
to  prior  pyrolysis  studies. 

Several  sample  sizes,  ranging  from  10  mg  to  50  mg,  were  employed 
to  find  an  appropriate  sample  size,  both  for  the  quantitation  and  the 
structural  identification  and  to  investigate  the  effect  of  the  sample 
size  on  the  production  of  degradation  products.  Samples  were  heated 
from  ambient  to  1000°C  at  the  rate  of  25°C/min.  The  results  of  this 
experir,ent  are  presented  in  Table  25.  The  relative  ratio  in  major 
products,  such  as  CO,  CO2,  and  H2O,  was  not  affected  by  the  sample 
size  but  the  amount  shows  slightly  decreasing  tendency  as  the  sample 
size  increases.  On  the  other  hand,  minor  products  with  higher  boiling 
temperatures  and  molecular  weight  became  prominent  with  the  increase 
in  the  sample  size.  The  data  can  be  explained  as  follows:  The  supply 
of  oxygen  necessary  for  complete  oxidation  of  the  sample  would  be 
greater  when  the  sample  size  is  smaller.  The  diffusion  of  oxygen  from 


118 


Table  25-  Effect  of  Sanple  Size  On  The  Concentration  Of  Low-Boiling 
Volatiles  Produced  During  The  Oxidative  (Slow  Heating)  Degradation 

Of  Nylon  6 
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the  sample's  surface  to  the  sample's  interior  becomes  more  difficult 
when  larger  samples  are  used.  The  sample  size  of  50  mg  would  be 
adequate  for  most  studies  pertaining  to  the  Nylon  6  polymer. 

Samples  of  Nylon  6  polymer,  50  ±  0.1  mg,  were  heated  at  10,  2o 
and  100®C/nin  rates  from  ambient  to  lOOO’C  to  measure  the  changes  in 
the  composition  of  the  pyrolysis  products.  An  air  flow  rate  of  60  + 

10  ml/min  was  provided  in  these  experiments.  Table  26  contains  the 
results  obtained  from  duplicate  analyses  in  the  air  environment  at 
the  three  heating  rates.  Only  slight  changes  were  observed  in  product 
distribution  or  concentration  as  a  result  of  these  studies.  Tne  use 
of  heating  rates  in  these  studies  "did  not"  markedly  change  the  funda¬ 
mental  mechanisms  of  the  oxidative  degradation  of  the  Nylon  6  polymer. 

To  obtain  a  better  understanding  of  the  oxidative  degradation 
process,  the  volatile  compounds  that  were  produced  from  the  Nylon  6 
polymer  were  studied  at  several  stages  of  degradation  (oD,  70  and  9u 
percent  weight  loss).  Using  the  TGA  trace  in  Figure  12  as  a  guideline, 
products  were  trapped  from  the  thermoanalyzer  at  various  temperature 
ranges.  The  temperature  range  at  423'’C  corresponds  to  the  potnt  at 
which  50  percent  of  the  sample  weight  is  lost  when  heated  from  ambient 
at  a  rate  of  lO’C/min.  Similarly,  433°C  was  selected  as  the  tempera¬ 
ture  corresponding  to  a  70  percent  weight  loss  and  465  C  Which  corres¬ 
ponds  to  the  point  where  approximately  90  percent  weight  loss  occurred. 

In  this  series  of  experiments  a  50  mg  sample  of  Nylon  6  was 
teroperature-programried  from  ambient  to  the  pre-selected  te:  pera wure 
at  a  heating  rate  of  10°C/min.  The  products  from  the  oxidative  degrada¬ 
tion  process  were  trapped,  beginning  at  OSO^C,  and  the  sam.plinc  period 


Table  26.  Effect  Of  Heating  Rate  On  The  Distribution  Of 
Decomposition  Products  During  The  Oxidative  Degradation 

Of  Nylon  6 


Quantity^ 

Heatinq  Rate 

CofTpounds 

10®C/m1n 

25®C/rin 

lC:®C/r.in 

Carbon  ■oncxide 

Methane 

Carbon  dioxide 
nitrous  oxide 

Ethylene 

Acetylene 

Ethane 

Cyanogen 

Water 

Prooene 

Hydrogen  cyanide 

Methanol 

Acetal  der.yde 

Butene 

1,3-Butadiene 

Ethanol 

1-Pertere 

Acetonitrile 

Propeneritrile 

Mi  trore  thane 
Propar.enitrile 
Methacrylonit»'ile 
3-Butcnenitrile 

Benzene 

Butanenitrile 

Pyrrole 

Pentanenitrile 

Toluene 

Cyclopentanone 

Xylene 

Capronitrile 

Styrene 

Hexenenitrile 

Phenol 

Benz or it rile 

500.00 

93.80 

556.40 

3.08 

13.45 

0.31 

4.35 

Trace 

435.00 

16.78 

15.85 

3.72 

1.24 

4.33 

6.31 

0.41 

0.67 

11.66 

13.21 

0.32 

3.22 

0.90 

2.38 

4.11 

3.67 

1.00 

Trace 

5.04 

2.08 

0.09 

7.35 

0.04 

2.11 

0.20 

0.30 

470.00 

73.80 

526. OC 
3.28 
14.37 
0.19 
4.22 
Trace 
410. OC 
15.23 
13.71 
4.34 
3.39 

4.31 
5.88 
0.80 
1.01 

14.21 

15.03 

0.60 

4.34 

0.63 

1.31 
3.21 
3.01 
0.24 

Trace 

3.18 

1.55 

0.05 

8.31 
0.08 
2.15 
0.30 
0.30 

495.00 

92.10 

513.00 

5. OS 

17.91 

0.20  ■ 
3.32 

Trace 

395.00 

17.21 

17. 9S 

3.02 

2.41 

3.87 

4.56 

l.OC 

0.98 

17.21 

16.85 

0.80 

4.97 

1.66 

2.69 

4.59 

1.71 

0.98 

Trace 

5.06 

2.90 

0.02 

9.85 

0.20 

3.17 

0.56 

0.77 

Caprolactam  &  cnconers 

■JfoTS - 

no 

25S.0 

Total 

1933.88 

183S.03 

1904.63 

^Estieated 

®The  oxidative  degradation  of  three  samples  with  a  sample  size  of 
SO.Ong  fror  amtient  to  IGOO^’C. 

^Milligrams  of  compound  produced  per  gram  of  polymer  as  measured 
by  analytical  techniques. 
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was  extended  at  least  for  five  minutes  after  the  sample  was  held  at 
the  final  selertet  te-rerature.  Each  experiment  was  conducted  in 
triplicate. 

•  A  sirrary  cf  the  volatile  compounds  that  have  been  identified  and 
the  quantity  of  each  ccrpcund  are  listed  in  Table  27.  Typical  chroma¬ 
tograms  for  each  state  of  the  degradation  on  Chromosorb  101  are  shown 
in  Figure  2E-  The  same  values  for  trapping  efficiencies  and  response 

factors  were  used,  as  cited  in  Table  22. 

.  It  should  be  noted,  both  from  Table  27  and  Figure  2£,  that  almost 
all  the  com~cumd>  which  were  identified  at  the  final  stage  of  decompo¬ 
sition  were  also  identified  during  the  intermediate  degradation  pro¬ 
cesses,  althouth  the  amcunt  of  components  measured  at  the  intermediate 

stages  were  considerably  smaller. 

The  product  distribution  and  concentration  were  similar,  between 
SOT  weight  less  ar.d  TOT  weight  loss.  However,  the  quantity  of  carbon 
dioxide,  water,sr.d  alxenes  increased  rapidly  after  70'.  weight  loss  was 
reached.  Jfcst  cf  the  nitrile  compounds,  such  as  hydrogen  cyanide, 
acetonitrile,  acrylonitrile  and  capronitrile, and  aromatic  compounds. 
Including  benze'e  and  toluene,  were  formed  in  the  higher  temperature 
region  after  91  percent  weight  loss  occurred.  The  formation  of  lacta-s 
and  oligomers  cf  ?{ylon  6  (high-boiling  volatiles)  was  rather  constant 

across  the  tamperacjre  range  studied. 

Some  nitrccs:  compounds,  such  as  nitrous  oxide  and  nitro-methane, 
appeared  during  the  earlier  stage  of  the  degradation;  little  variation 
in  the  concentratior.s  cf  these  compounds  was  observed  as  the  sariples 
were  exposed  to-  higher  temperatures. 


if-MriirtnWCTiiii>i  !>*»«■'  I’nwii 


122 

Table  27.  Distribution  Of  Decomposition  Products  During 
Different  Stages  of  the  Oxidative  Degradation 
(Slow  Heating)  Of  Nylon  6 


Compounds 

i 

Peak 

No. 

Quantity^ 

Weight  Loss 

5or. 

70% 

91% 

1 00%  : 

Carbon  monoxide 

1 

i 

500.00  i 

Methane 

2 

4.72 

19.88 

81.57 

93.80 

Carbon  dioxide 

3 

92.07 

121.34 

257.40 

556.40 

Nitrous  oxide 

4 

2.38 

3.54 

3.23 

3.08 

Ethyl ene 

5 

1.97 

4.57 

18.20 

13.45  i 

Acetyl ene 

6 

Trace 

Trace 

0.28 

0.31 

Ethane 

7 

Trace 

Trace 

0.64 

4.35 

i  Water 

8 

95.10 

150.00 

367.10 

435.00 

!  Pro pen e 

9 

1.54 

3.65 

19.79 

16.78 

i  Hydrogen  cyanide 

10 

0.55 

0.97 

2.22 

15.85 

j  Methanol 

11 

0.45 

3.88 

2.50 

3.72 

1  Acetaldehyde 

12 

0.68 

2.00 

1.78 

1.24  ; 

Butene 

13 

Trace 

0.85 

.  1.13 

4.33 

I  1,3-Butadiene 

14 

Trace 

0.95 

1.61 

6.31  ! 

1  1-Pentene 

15 

Trace 

Trace 

Trace 

.  0.68 

;  Acetonitrile 

16 

0.83 

2.32 

5.23 

11.66 

i  Propenenitril  e 

17 

0.55 

1.91 

4.79 

13.21 

i  Nitronethane 

18 

0.25 

0.48 

0.32 

0.32  ' 

i  Propanenitrile 

19 

0.13 

0.38 

0.73 

3.22 

[  Methacrylonitrile 

20 

Trace 

0.44 

0.54 

0.90 

:  3-Butenenitrile 

21 

0.18 

0.35 

0.48 

2.38 

Benzene 

22 

0.11 

0.23 

0.75 

4.11 

Pyrol e 

23 

Trace 

0.11 

0.49 

1.00  1 

Toluene 

24 

0.18 

0.64 

1.16 

5.04 

Cyclopentanone 

25 

0.11 

0.54 

0.99 

2.08  1 

Ca pronitrile 

26 

0.17 

0.29 

1 .29 

7.35  1 

Hexenenitrile 

27 

0.03 

0.06 

0.55 

2.11 

Phenol 

28 

Trace 

Trace 

Trace 

0.20 

Benzonitrile 

29 

Trace 

Trace 

Trace 

0.30 

E-Capralactam  and 
Oligomers 

138.50 

173.30 

211.80 

220.50 

Total (mg/g  sample) 

340.50 

492.68 

986.57 

1929.66 

“Corresponds  to  peak  numbers  in  Figure  28. 

^Milligrams  of  compound  produced  per  gram  of  polymer. 


TIMf.  (minutPft) 

riqiiro  ?ll.  Low-holHnq  volrtlUo  products  prodiurMl  iit  rtifforont  st(U|or>  of  tho  nxlcidtlvo 

(l(M|r<i(liitlon  (slow  ho.itln'i)  of  Nylon  6 
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These  analytical  results  indicate  the  randor.  chain  scission  and 
the  depolymerization  reaction  which  yields  monomer  and  oligomers  occur 
competitively. 

The  random  chain  scission,  oxidation  degradation  induced  will  form 
low  molecular  weight  compounds  such  as  carbon  monoxide,  carbon  dioxide, 
water,  hydrocarbons  and  nitriles.  The  volatile  products,  monomers  and 
low-molecular  oligomers  are  continuously  carried  away  by  the  flowing 
air  and  the  remaining  high-molecular  oligomers  and  partially  crosslink- 
ed  chains  are  degraded,  both  oxidatively  and  thermally,  at  high  temper¬ 
atures,  yielding  highly  decomposed  simple  fragments,  such  as  methane, 
carbon  monoxide,  carbon  dioxide,  water,  and  nitrites. 

Attempts  were  made  to  trace  the  change  of  the  elemental  composi¬ 
tion  of  the  samples  which  remained  in  the  sample  holder  of  the  thermo¬ 
analyzer.  The  result  of  the  elemental  analysis  of  chars  which  were 
obtained  at  the  several  different  stages  of  weight  loss,  including  50 
percent,  70  percent  and  90  percent,  are  summarized  in  Table  28. 

It  is  interesting  that  the  composition  of  the  remaining  sample  does 
not  change  greatly  between  0  percent  weight  loss  and  70  percent  weight 
loss. 

A  study  was  undertaken  to  evaluate  the  initial  phase  of  polymer 
thermal  degradation.  In  this  experiment  a  150  mg  sample  of  Nylon  6 
polymer  was  used  in  order  to  increase  the  sensitivity  of  determining 
degradation  products.  The  sample  was  heated  from  ambient  to  340’C  at 
10®C/min,  after  which  the  rate  of  heating  was  decreased  to  4'’C/min. 

The  heating  was  stopped  at  365®C  where  7  +  1  percent  of  weight  loss 
was  observed.  The  products  from  the  oxidative  degradation  were  trapped 
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beginning  at  350®C  and  the  sampling  period  was  extended  at  least  for 
five  minutes  after  the  365®C  was  reached  in  order  to  collect  all  the 
products  which  might  remain  in  the  furnace  and  the  trapping  line.  The 
flow  rate  of  air  was  held  at  160  ml/min  throughout  this  experiment. 

These  studies  were  conducted  in  triplicate.  A  jet  separator  was  used 
to  facilitate  separation  of  trace  compounds. 

Typical  chromatograms  obtained  using  the  Chronosorb  101  column 
are  shown  in  Figure  29.  A  summary  of  the  initial  degradation  products 
and  the  quantity  of  each  product  are  listed  in  Table  29. 

The  amount  of  carbon  monoxide  and  c-caprolactam  was  obtained 
using  the  same  techniques  which  have  been  described  in  Chapter  IV. 

It  was  surprising  that  some  nitrile  compounds,  such  as  hydrogen 
cyanide,  acetonitrile, and  propenenitrile  were  produced  during  this 
low  temperature  range,  since  they  were  assumed  to  be  products  of 
secondary  reactions  at  high  temperatures. 

Carbon  monoxide,  carbon  dioxide,  water, and  c-caprolactan  were  the 
major  products  produced  during  these  low-temperature  degradation 
studies. 

In  the  isothermal  degradation  experiments  a  50  mg  sample  was  heat¬ 
ed  at  the  rate  of  10°C/min  to  340“C,  then  the  rate  was  changed  4°C/min 
to  355°C,  and  finally  2'’C/min  was  employed  until  365°C  was  reached. 

The  sample  was  held  at  365°C  for  one  hour.  During  the  isothermal  heat¬ 
ing  the  sample  weight  decreased  gradually.  After  one  hour  the  rate  of 
weight  loss  was  very  small.  By  the  final  stage  of  the  isothermal  heat¬ 
ing,  approximately  46  percent  of  the  original  weight  was  consumed. 
Trapping  was  started  from  350®C  and  stopped  at  5  minutes  after  the 


Figiire  29.  Initial  low-boiling  volatilos  produced  during  the  thermal  oxidative 

(slow  heating)  of  Nylon  f>. 


iv  -’ifiiir-yii 


lir'"  wl'i 


128 


Table  29.  Initial  ^ecorpcsition  Products  Produced  During  The 
Oxidative  Degradation  Of  Nylon  6' 


1 


Pear 

Bumpers 

i  .E. 

- P 

R.F.^  ! 

- 1 

e  J 

Quantity  i 

i  Carter  BOfcxide 

1 

0.670.  1 

73.00  1 

Ket.hane 

2 

0.05 

1.031- 

G.06  i 

Carper,  did  ice 

3 

0.97 

0.915  1 

54.03  ‘ 

RitroiS  oxicc 

4 

1-OC 

0.893^  ; 

0.22 

Etrylene 

5 

0.9€ 

0.980.  ^ 

0.52 

Acetylene 

6 

C-9£ 

0.930. 

T 

Et*ar.e 

7 

c.9e 

J-P'  : 

T 

Cyanogen 

0.44* 

1.5  ^  1 

N.D. 

Water 

8 

0.82 

0.550^ 

75.50 

Frooene 

9 

0.98 

0.652. 

0.45 

H-ydr05««  cyetrice 

10 

0.93 

1-5*', 

0.61 

ftetrianol 

0.75 

4.34& 

K.O. 

Acetalceryde 

11 

C.9C 

1.8*-,  ; 

0.78 

Butene 

0-97 

0.895,  1 

h.D* 

l^outadiere 

12 

0.97 

0.870  ; 

0.32 

j  Ethanol 

0.85 

0.640  : 

K.O. 

i-Pmere 

0.97 

0.663. 

N.D. 

Acetersitrile 

'  13  ! 

0.95 

2.564;^  ! 

0.33 

Propeneritrile 

!  14 

•0.95 

1.679 

0.44 

Kitroretra-e 

;  15  ! 

!  0-95  I 

2.0 

0.25 

Frcpar^it--le 

J  16 

1  C.95 

0.653 

c.ic 

Hetracryl cr*  e 

17 

i  0.95 

0.727  ; 

0.04 

J-Butereritrile 

0.95 

0.727  : 

K.O. 

Ber.2cre 

;  IB 

0.90 

0.783  i 

0.21 

Butaneritrile 

0.95 

0.6ED 

N.D. 

Pyrrole 

i  19 

0-95 

0.671  ‘ 

o.ro 

Pcntanenitrile 

SI 

0.95 

0.6S2  1 

N.D.  1 

Toluene 

1  20 

C.95 

0.794  : 

0.30  1 

Cyclopentanone 

1  21 

0-95 

0.827 

0.08 

Xyler.e 

f 

0.90 

0.818 

N.D. 

Ciprenitrile 

i  ^ 

0.90 

0.805 

0.34 

Styrene 

1 

i 

0.88 

0.800 

N.D. 

Hexeneritrlle 

23 

0.90 

0.785  ' 

C.21 

Phenol 

! 

0.88 

1.105  1 

N.D. 

Bergen:  trile 

I 

1 

0.88 

0.895 

N.D. 

Caprolactar 

1 

9 

0.957  ! 

_ 1 

23.3 

TOTAL 

231.13 

».D.  liot  detenrii*: 
T  Trace 
*  EstiBated 


^he  oxidative  der'adation  of  three  samples  with  a  sample  size  of 
ISC.as  u?  to  SeS'C. 

^rresponds  to  peak  nunbers  in  Figure  29  on  chronosorb  101. 
^lative  trappis;  efficiencies. 

^^lelative  response  factors  for  thermal  conductivity  d.etector. 

•miligrars  of  ccrccund  produced  per  gram  of  polymer  as  measured 
by  analytical  teccripues 

^Relative  response  ty  analysis  of  high-boiling  volatiles  residue. 
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heater  was  turned  off. 

Three  experinents  were  performed  for  identification  and  quantifi” 
cation  purposes.  The  chromatograms  obtained  on  a  Chronosorb  101  coIu-iH 
using  both  TCD  and  FID  detectors  are  presented  in  Figure  30.  A  summary 
of  the  degradation  products  that  have  been  identified  and  the  concen¬ 
tration  of  each  of  these  products  are  listed  in  Table  30. 

Comparison  of  the  data  with  the  results  obtained  during  the  oxi¬ 
dative  degradation  under  a  dynamic  heating  condition  (10°C/min  up  to 
423'C  with  a  weight  loss  of  50  percent)  indicated  that  the  amount  of 
water  and  carbon  dioxide  from  the  isothermal  degradation  is  much  higher 
than  that  obtained  during  the  dynamic  heating  experiments. 

Caprolactam  and  the  oligomers  produced  during  the  isothermal  ex¬ 
periments  were  much  lower  than  observed  during  the  dynamic  heading 
studies.  This  indicates  that  the  depolymerization  reaction  which  re¬ 
sults  in  monomer  and  oligomers  and  the  oxidation  reaction  which  forms 
carbon  monoxide,  carbon  dioxide, and  water  are  competitive  and  at  higher 
temperatures  depolymerization  reactions  are  more  likely  to  occur,  while 
the  oxidation  is  dominant  at  low  temperatures. 

D.  Discussion 

The  comprehensive  analysis  of  the  decomposition  products  produced 
during  the  thermal  degradation  of  the  Nylon  6  polymer,  including  low- 
boiling  volatiles,  high-boiling  volatiles  (aerosols),  and  solid  resi¬ 
dues  (chars),  led  to  the  development  of  a  good  materials  balance. 

In  the  inert  helium  environment,  97  percent  of  the  polymer  weight 
was  recovered  and  analyzed.  The  materials  balance  on  each  element 


Figure  30.  Low-boiling  volatiles  produced  during  the  isothermal  oxidative  degradation 

of  Nylon  6  at 
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Table  30.  Volatile  Deconposition  Products  Produced  During  The 
Isothermal  Oxidative  Degradation  Of  Nylon  6  in  Air  At  eaE'C" 


Carbon  monoxide 
Methane 
Carbon  dioxide 
Nitrous  oxide 
Ethyl ene 
Acetyl ene 
Ethane 
Cyanogen 
Uater 
Propene 

Hydrogen  cyanide 
Methanol 
Acetaldehyde 
Butene 

1,3-Butadiene 

Ethanol 

l-Pentene 

Acetonitrile 

Propenenitrile 

Nitromethane 

Propanenitrile 

Methacrylonitrile 

3-Butenenitrile 

Benzene 

Butanenitrile 

Pyrrole 

Pentanenitrile 

Toluene 

Cyclopentanone 

Xylene 

Capronitrile 

Styrene 

Hexenenitrile 

Phenol 

Benzonitrile 
Capralactar  and 
Ollgoners _ 


"WSi 


Peak^ 

Numbers 

T.E."^ 

Quantity^ 

1 

0.670 

N.D. 

2 

0.05 

1.031  . 

0.47 

3 

0.97 

0.915 

120.00 

4 

1.00 

0.890^ 

1.16 

5 

0.96 

0.980. 

4.22 

6 

0.96 

0.930> 

0.07 

7 

0.96 

1.031v 

0.14 

0.44* 

1.5  ^ 

N.D. 

8 

0.82 

0.550^ 

225.00 

9 

0.98 

0.650. 

0,65 

10 

0.99 

1.5*  f 

0.84 

0.75 

4.34&,  ; 

N.D. 

11 

0.90 

1.8*^,  1 

1.13 

0.97 

0.890. 

N.D. 

12 

0.97 

0.870 

0.92 

0.85 

0.640 

N.D. 

0.97 

0.660^ 

N.D. 

13 

0.95 

2.564V 

0.44 

14 

0.95  1 

1.679  ' 

^  0.70 

15 

0.95 

2.0 

1  T 

16 

0.95 

0.650 

!  0.14 

17 

0.95 

0.727 

0.06 

0.95 

0.727 

T 

18 

0.90 

0.780 

0.31 

0.95 

0.66D 

:  N.O. 

19 

0.95 

0.671 

;  0.14 

0.95 

0.692 

!  N.D. 

20 

0.95 

0.794 

1  0.51 

21 

0.95 

0.827 

;  0.04 

0.90 

0.818 

i  N.D. 

22 

0.90 

0.805 

0.33 

0.88 

0.800 

N.O. 

23 

0.90 

0.785 

0.22 

0.88 

1.105 

N.D. 

0.88 

0.895 

N.D., 

0.957 

52.8 

41 3 . 29 

N.O.  Hot  determined. 

T  Trace 

♦  Estimated  ,  * 

^The  oxidative  degradation  of  three  sanoles  with  a  sample  size  of 
50.0  mg  at  365®C  for  1  hr  using  the  Mettler  Thermoanalyzer.  The 
weight  loss  was  46  percent. 

^Corresponds  to  peak  numbers  in  Figure  30  on  Chrwnosorb  ICl. 
^Relative  trapping  efficiencies. 

Relative  response  factors  for  the  thermal  conductivity  detector. 

•Milligrams  of  compound  produced  per  gram  of  polymer  as  measured  by 
analytical  techniques. 

^Relative  response  factors  for  the  flame  ionization  detector. 
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ranged  frcr.  52.5  percent  to  108  percent.  In  the  oxidative  environment 
considerable  ir.teracti:-.  took  place  between  the  sample  and  its  environ¬ 
ment.  Thus,  the  materials  balance  was  calculated  only  for  carbon,  hy¬ 
drogen, and  nitrogen.  T"e  balances  obtained  for  carbon  and  hydrogen  were 
in  excess  cf  35  percent.  The  balance  for  nitrogen  was  40  percent.  The 
bulk  of  the  nitrogen  not  accounted  for  was  believed  lost  in  the  form 
of  nitrogen  cas  or  ari-es.  New  analytical  procedures  have  been  devel¬ 
oped  to  permit  a  better  nitrogen  balance,  however,  it  was  not  possible 
to  use  these  technioj^  within  the  scope  of  the  research  reported  in 
this  thesis. 

Tables  31  and  32  sjnrarize  the  major  and  minor  products  produced 
during  the  o^rslysis  art  the  oxidative  degradation  of  the  Nylon  6  poly¬ 
mer.  As  indicated  in  these  tables,  the  two  major  products  produced 
during  the  ^..^tlysis  p-rtcess  were  e-caprolactam  and  a  variety  of  oli- 
goTiers  which  resertlec  the  initial  polymer  in  chemical  structure.  The 
presence  of  amir.e  wes  rjct  observed  in  these  studies. 

The  pyrslysis  prtcssses  observed  during  the  decomposition  of  the 
Nylon  6  polymer  appeared  to  be  rather  simple.  A  single  peak  was  re- 
conJed  on  the  rrs  trace.  Little,  if  any,  char  structure  was  formed 
in  the  helium  g-.vi rjTTgst.  These  results  suggest  that  the  principal 
reaction  which  cccurrei  during  the  pyrolysis  of  Nylon  6  was  the  forma¬ 
tion  of  olioor^rs  and  ccnomers  through  back-biting  reactions  from  the 
terminal  groups  or,  tfs  polymer  chains  or  through  elimination  of  mono¬ 
meric  and  polymeric  units  from  the  center  of  the  chain,  as  was  suggest¬ 
ed  by  Srith^"^^  and  JCricfteldorf^^^^  (Equations  (13),  (19)  and  (20))- 
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Table  31.  Major  Decor;position  Products  Produced  During 
The  Thermal  Decomposition  (Slow  Heating)  Of  Nylon  6 


Quantity^ 

In  Helium 

In  Air  | 

Low-Boiling  Volatiles 

i 

1 

Carbon  monoxide 

48.00 

470.00  1 

1 

Methane 

55.40 

73.80  j 

Carbon  dioxide 

18.76 

526.00 

i 

[ 

Ethyl ene 

39.29 

14.37  1 

: 

1 

j  Amonia 

30.82 

1 

]  Water  I 

18.85 

410.00 

t 

1  Propene 

46.92 

1 

15.23  1 

f 

1  i 

Hydrogen  cyanide  i 

i 

i  5.43 

i 

13.71 

Acetonitrile  | 

j 

I  5.57 

1 

14.21  I 

Propenenitrile  j 

i  3.27 

1 

15.03  1 

i  1 

1  High-Boiling  Volatiles  ! 

1 

1 

e-caprolactam 

Oligomers 

129.80 

519.00 

161.00  j 

69.00  j 

Milligrams  of  compound  per  gram  of  sample. 


Table  32.  Kinor  Decorpcsition  Products  Produced  During 
The  Therr.al  Decorpcsiticn  (Slow  Heating)  Of  Nylon  6 


Quantity 


i 


In  Helium 


In  Air 


;  5 

I  Nitrous  oxide 
!  Acetylene  i 

I  Ethane  | 

i  Methanol  | 

!  Acetaldehyde  I 

]  Butene  ; 

■  1 ,3-But3diene  » 

I  Ethanol  j 

’  1-Pentene  ! 

i  Nitronethane  i 

'  t 

■  Propanenitrile 

i  t 

'  Methacrylonitrile  * 

i  3-Butenenitrile  ^ 

i  ; 

'  Benzene  ’ 

■  Butanenitrile 

i  * 

j  Pyrrole  i 

I  _  .  I 

,  Toluene 
j  Cyclopentanone 
i  Capronitrile  j 

Hexenenitrile  | 

Styrene  j 

Phenol 

Benzonitrile 


3.28  1 

4.36 

0.19 

3.85 

4.22 

— 

4.34 

j 

3.39 

2.41  i 

4.31 

5.16 

5.88  ; 

- - 

0.80  i 

3.57 

1.01  i 

0.60 

3.27 

4.34 

Q.93 

0.63  1 

0.70 

!  1.31  i 

3.93 

1  3.21  ! 

2.37 

1  3.01  ' 

0.66 

0.24 

4.14 

3.18  , 

0.60 

1.55  i 

4.34 

8.31  , 

2.11 

2.15 

1.28 

o.os 

0.25 

0.30 

1.10 

0.30 

'Milligram  of  corpound  per  gram  of  sample. 
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CO-NH 

HOOC- 


(CH2)5 


CGOH 


(13) 


NH-CO^^ 

(CH2)5 

H^fi - ^ 


NK 


(CH,) 


2'5 


*-CO- 


(19) 


CO 

I 

NH 

*-(^2)5- 


NH 

1 

CO 

CO  — 

J 

4 

NH 

(CH2)5 


(20) 


Equations  (13)  and  (19)  express  so-called  back-biting  reactions  and 
reaction  (20)  is  an  ar.ide  intercr^nge  reaction.  Oligomers,  most  likely 
cyclic  dimers  and  tri-ers,  can  also  be  obtained  through  any  of  the 
above  three  reactions. 

Low-molecular-weight  compounds,  such  as  hydrocarbons  containing 
1  to  7  carbons  and  nitriles  which  were  observed  during  the  pyrolysis  of 
the  Nylon  6  polymer,  were  supposed  to  be  formed  via  extensive  break¬ 
down  of  c-caprolactam  and  olico-ers.  This  is  supported  by  the  results 
of  the  pyrolysis  of  c-caprolactam,  oligomers  and  the  Nylon  6  polymer, 
in  which  identical  patterns  of  the  pyrolysis  products  were  obtained 
from  those  three  materials.  The  fact  that  there  was  not  much  differ¬ 
ence  in  the  nature  of  the  products  between  the  pyroprobe  experiments 
and. the  trapping  studies  suggested  that  most  of  the  Nylon  6  sample  was 
consumed  by  approximately  550=C,  regardless  of  the  heating  conditions. 
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Most  of  the  volatiles,  including  both  light  gases  and  heavy  gases,  are 
assuned  to  be  produced  at  rather  lower  temperature  ranges  below  550®C. 

At  the  same  time  random  chain  scission  may  also  take  place  at  the  weak 
bonds,  such  as  -CH2-CO-,  -CH2-NH-,  and  -C0-NH-.  Such  reactions  have 
been  proposed  by  Goldstein^®^^  and  Staus  and  Wall.^^^^  This  random 
chain  scission  may  be  responsible  for  the  degradation  of  the  viscosity 
and  the  formation  of  most  of  the  volatile  products.  A  proposed  degra¬ 
dation  process  is  presented  in  Figure  31.  The  branching  reaction  be¬ 
tween  carbonyl  groups  and  the  primary  amines  probably  does  not  occur 
effectively  under  the  conditions  employed  in  this  study,  since  there 
is  no  evidence  for  char  formation.  Pathway  I  (Figure  31)  is  of  the 
greatest  importance;  the  proposed  pathways  II  and  III  probably  occur 
to  a  much  lesser  degree.  The  random  chain  scission  reaction  which 
leads  to  the  formation  of  volatile  low-molecular  species  is  accelerated 
at  high  temperatures.  Large  quantities  of  carbon  monoxide,  carbon  di¬ 
oxide,  and  water  were  formed  during  thermal  degradation  of  the  Nylon  6 
polymer  in  an  oxidative  environment  (see  Table  31).  The  amount  of 
high-boiling  volatiles  containing  c-caprolactam  and  low  oligomers,  de¬ 
creased  to  almost  one-third  of  the  high-boiling  volatiles  obtained 
during  the  pyrolysis  process.  A-Tronia  was  not  detected  among  the 
oxidative  degradation  products.  Hydrogen  cyanide,  nitrous  oxide, 
alcohols, and  several  nitrile  cor.pounds  were  identified  as  products 
produced  during  degradation  in  the  oxidative  environment. 

A  slight  amount  of  solid  residue  (char)  which  corresponds  to 
9  percent  of  the  original  polymer  weight  was  formed  during  the  oxida¬ 
tive  degradation;  this  residue  was  completely  decomposed  at  temperatures 
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Figure  31.  Proposed  degradation  rechanism  for  the  thermal  decompo 

sition  of  Nylon  6. 


138 


in  excess  of  750®C. 

The  oxidative  decomposition  reactions  were  more  complex  than  the 
inert  pyrolysis  reactions.  The  effect  of  the  heating  rate  (lO'C/min 
to  100*C/min)  had  limited  effects  on  the  degradation  reaction  (see 
Table  26).  It  should  be  noted,  however,  that  the  amount  of  carbon 
dioxide  and  water  produced  decreased  while  c-caprolactam  and  oligomers 
increased,  with  an  increase  in  heating  rate.  This  suggests  that  the 
depolymerization  reaction  which  led  to  the  formation  of  caprolactam  and 
oligomers,  and  the  oxidation  reaction  are  competitive  in  oxidative  en¬ 
vironments;  the  depolymerization  reaction  seemed  to  become  slightly 
favored  with  the  increase  of  the  heating  rate. 

As  the  sample  size  was  increased,  major  products  such  as  carbon 
monoxide,  carbon  dioxide, and  water  decreased  in  amount,  although  the 
relative  ratio  of  the  three  products  was  not  affected.  On  the  other 
hand,  the  other  products  with  higher  boiling  points  and  higher  mole¬ 
cular  weights  increased  with  the  increase  of  the  sample  size.  Since 
the  diffusion  of  oxygen  from  the  material  surface  to  the  sample's  in¬ 
terior  is  expected  to  become  more  difficult  as  the  sample  size  increas¬ 
es,  the  contribution  of  the  oxidative  degradation  will  become  less  as 
the  sample  size  becomes  larger. 

Figure  32  illustrates  the  change  in  the  concentration  of  major 
products  on  7:.,  50';,  70'i,  91';, and  lOO'i  weight  loss  of  the  original 
sample  weight  during  the  oxidative  degradation  of  Nylon  6.  The  differ¬ 
ent  scales  are  used  on  the  ordinate  of  this  figure.  The  large  scale 
(left  ordinate)  is  for  carbon  monoxide,  water,  caprolactam  and  methane. 
The  other  compounds  are  plotted  on  the  small  scale  (right  ordinate). 


QUANTITY  OF  SPECIFIC  COMPONENTS  (mg/g) 
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Figure  32.  Observed  concentrations  of  major  low-boiling  volatiles 
produced  during  the  oxidation  (slow  heating)  of  Nylon  6. 
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As  indicated  in  this  figure,  the  relative  ratio  of  volatile  products 
does  not  change  up  to  approximately  70  percent  weight  loss.  The  major 
contribution  to  weight  loss  up  to  this  point  is  due  to  lactam  and 
oligomers,  water,  carbon  dioxide  and  probably  carbon  monoxide  and  nit¬ 
rogen  gas.  The  results  of  elemental  analysis  of  the  solid  polymer  and 
resin  remaining  in  the  crucible  of  the  themoanalyzer  indicate  that 
the  overall  composition  does  not  change  drastically  until  a  level  of 
70  percent  weight  loss  occurs  (see  Table  28).  This  can  be  explained  by 
the  elimination  of  oligomeric  and  monomeric  units  from  polymer  chains 
which  will  not  change  the  elemental  composition  of  residual  solid 
compounds. 

Random  chain  scission  and  oxidation  may  take  place  competitively, 
leading  to  the  formation  of  small  fragments  such  as  carbon  dioxide, 
water  and  hydrocarbons,  along  with  a  small  amount  of  a  crosslink  struc¬ 
ture  which  is  responsible  for  the  slight  increase  of  carbon  content  in 
the  residual  solid. 

At  higher  temperatures,  where  more  than  70  percent  weight  loss  was 
observed,  the  formation  of  low-boiling  volatile  products  was  accelera¬ 
ted.  The  residual  char,  present  in  the  final  10  percent  of  sample 
weight,  will  virtually  degrade  to  produce  large  amounts  of  carbon  di¬ 
oxide  and  water.  The  increase  of  nitriles  during  this  phase  of  the 
degradation  process  can  be  explained  by  the  oxidation  or  dehydrogena¬ 
tion  of  amnonia  and  amino  compounds. 

The  results  obtained  during  the  isothermal  degradation  of  *»ylon  6 
at  indicate  that  much  mere  water  and  carbon  dioxide  are  produced 

than  was  observed  during  dynamic  thermal  processes  while  the  formation 
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of  e-caprolactam  and  oligomers  are  much  less  predominant  that  that  ob¬ 
served  during  the  dynamic  heating  experiments.  The  oxidative  reaction 
is  most  likely  to  occur  at  this  low  temperature.  As  it  was  suggested 
by  Levantovskaya,^^^^  the  oxidation  reaction  may  go  through  the  hydro¬ 
peroxide  intermediate.  Like  the  photo-oxidation,  the  methylene  carbon 
next  to  the  NH  group  is  most  susceptible  to  oxygen  radicals.  The 
breakdown  of  the  hydroperoxide  radical  results  in  chain  rupture. 

The  char  will  also  be  formed  by  the  crosslinking  between  carbon 
radicals. 

The  basic  degradation  mechanisms  of  the  Nylon  6  polymer  may  be 
mainly  a  depolynerization  reaction  which  forms  c-caprolactam  and 
oligomers.  Further  decomposition  of  the  monomers  and  oligomers  may 
take  place  at  elevated  temperatures  to  form  low-molecular  volatile 
compounds.  Host  of  the  original  samples  are  consumed  by  550°C,  follow¬ 
ing  the  same  degradation  mechanism  regardless  of  the  heating  conditions. 


CHAPTER  VI 


POLYCAREOJJ^TE 

A.  Introduction 

Although  a  wide  range  of  a rc'^tic .polycarbonate  polymers  have 
been  synthesized  and  examined the  term  polycarbonate  usual¬ 
ly  refers  to  commercially  available  poly(2,2-prcpane  bis  (4-phenyl 
carbonate)),  illustrated  below: 


Structure  A 


This  form  of  polycarbonate  polymer  was  used  exclusively  in  this  study. 

Polycarbonate  polymers  can  be  synthesized  by  the  reaction  of 
Bisphenol-A  (BPA)  with  phosgene  or  by  ester  interchange  with  disphenyl 
carbonate. 
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Polymerization  by  the  ester  interchange  route  is  carried  out  as  a 
melt  polymerization  in  a  two-stage  process.  In  the  first  stage  the 
reaction  is  carried  out  at  a  ter^perature  of  180-200'C  under  a  vacuum 
of  20-30  mm  Hg  to  a  conversion  of  approximately  80-90  percent.  The 
temperature  is  then  gradually  raised  to  290-300°C  and  the  vacuum  in¬ 
creased  to  below  1  nmHg  to  complete  the  polymerization  process.  Polymeriza¬ 
tions  using  the  phosgene  reaction  are  carried  out  in  a  basic  solution. 
Organic  solvents,  such  as  pyridine  or  tri ethyl  amine,  or  mixtures  of 
these  with  hydrocarbons,  such  as  benzene,  chlorobenzene, and  chloro¬ 
form,  are  most  useful  for  this  reaction.  Polymerization  can  also  be 
carried  out  using  a  stirred  interfacial  process.  Bisphenol-A  is 
dissolved  in  agueous  alkali,  followed  by  the  addition  of  an  organic 
solvent  and  phosgene.  The  polycarbonate  polymers  thus  formed  possess  a 
number  of  attractive  mechanical  properties,  such  as  high  impact  streng¬ 
th,  high  elasticmodulus,  and  good  creep  resistance.  Polycarbonate 
polymers  possess  good  stability  against  heat,  light, and  numerous  chemi¬ 
cals.  The  two  major  deficiencies  possessed  by  polycarbonate  polymers 
are  poor  ultraviolet  light  resistance  and  poor  abrasion  resistance. 

Due  to  these  features,  polycarbonates  have  been  used  widely  as 
electric  insulators, molded  machinery  parts,  automotive  parts,  base  for 
photographic  films  and  substrates  for  magnetic  tapes.  The  production 
of  polycarbonates  has  been  increasing  on  a  yearly  basis;  world  consump¬ 
tion  of  polycarbonates  reached  51,000  tons  in  1976  (see  Table  3). 

As  the  use  of  polycarbonate  polymers  has  increased  in  commerce, 
there  has  been  an  increasingly  greater  necessity  for  a  flame-retardant 
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grade  of  polycarbonate.  By  1974  apprcxinately  10  percent  of  polycar¬ 
bonate  polymers  produced  were  classified  as  fire  retarded  polymers, 
this  level  of  fire  retarded  polymers  is  expected  to  grow  continuously. 

A  number  of  reports  and  patents  have  been  issued  covering  methods  used 
to  impart  flame-retardant  characteristics  to  polycarbonate  resins; 
however,  very  limited  success  has  beer,  achieved  to  date. 

The  gases  and  other  volatile  pro-ducts  that  elute  from  the  poly¬ 
carbonate  polymers  during  thermal  deccrposition  processes  and  combus¬ 
tion  processes  have  not  been  widely  studied.  The  purpose  of  this 
phase  of  the  present  study  has  been  directed  toward  developing  better 
understanding  of  the  thermal  decorpcsition  and  combustion  processes 
pertaining  to  polycarbonate  polymers. 

B.  Literature  Survey 

In  recent  years  several  studies  have  been  conducted  by  different 
investigators  to  determine  the  changes  t-hat  occur  during  the  thermal  degra¬ 
dation  of  polycarbonate  polymers.  Polycarbonate  polymers  undergo  little 
thermal  decomposition  below  250°C.  Processing  of  polycarbonate  polymers 
at  higher  temperature  can,  however,  lead  to  thermal  and  thermo-oxidative 

breakdown  accompanied  by  deterioration  inmechanical  properties.  From  an 

f  79) 

examination  of  processing  conditions  Kovarskaya  suggested  that 
thermal  degradation  can  lead  to  chain  scission  of  the  polymer.  This 
has  been  confirmed  by  Davis  and  Golden,-^^^  who  studied  the  breakdown 
of  the  polymer  in  a  sealed  evacuated  system.  Measurements  of  the  in¬ 
trinsic  viscosity  of  a  degraded  polycarbonate  have  shown  that  the 
polymer  undergoes  random  chain  scission.  Analysis  of  the  molecular 
weight  changes  occurring  during  degradation  at  various  temperatures 
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showed  that  this  process  obeys  first-order  kinetics  and  can  be  ex- 
pressed  by  the  rate  equation 

k  *  4.8  X  10^  ex?(-3350Q/RT)  (21) 

In  contrast,  when  polycarbonate  was  dec-aded  in  a  continuously  evacu- 

(81 »82) 

ated  system,  it  rapidly  crosslinked  to  form  an  insoluble  gel. 

The  rate  of  gelation  increased  witn  a  rise  in  temperature.  The 

activation  energy  of  the  degradation  process  was  calculated  to  be 

27  Kcal/mol.  The  difference  between  degradation  in  a  closed  system 

and  in  a  continuously  evacuated  sy'stsr  was  explained  by  the  competi- 

( 81 ) 

tion  between  condensation  and  hydrolysis  reactions.  It  was  as¬ 

sumed  that  branching  and  eventual  gelaticn  occur  if  the  volatile  pro¬ 
ducts  were  removed  during  degradation,  whereas  chain  scission  predom¬ 
inates  if  they  are  retained  in  the  system. 

Davis  and  Golden^®^*®^’^^^  also  pyrolyzed  polycarbonates  in  a 
continuously  evacuated  system.  The  major  products  produced  during 
the  thermal  decomposition  of  their  pc;ycartonate  polymers  at  360  C 
were  carbon  dioxide.  BPA,  phenol.  Z-Cpara-hydroxyphenyl )-2-phenyl 
propane,  carbon  monoxide,  irethane.ard  diphenyl  carbonate. 

In  addition  to  the  above  narked  prci-wCts,  Lee  ^  in  another  study, 
detected  ethyl  phenol,  isopropenyltnercl,  isopropyl  phenol , and  cresol. 
He  suggested  that  the  carbonate  grout  undergoes  appreciable  decomposi¬ 
tion  below  400°C,  whereas  at  higher  temces^tures  the  ispropyl idene 
group  is  also  prone  to  degradation  - 

The  mode  of  degradation  of  the  carbonate  group  was  elucidated  by 
a  detailed  examination  of  the  therral  decomposition  of  the  model  com- 
pound  diphenyl  carbonate  The  rearrangement  of  the  carbonate 
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was  observe-.  This  reacticr  res-lte;  in  the  forr.ation  of  2-pheriOxy 
benzoic  acid. 

COOH 


0C-O.O-0  ^  0-0-0 


(22) 


Kcvarskaya^^^^  has  shewn,  by  reasurir.c  the  rate  of  gas  evolution,  an 
autocatalytic  therr.o-oxidative  p'^cess  between  240  and  3£0*C.  An 
activation  energy  of  36.5  Kcal/rele  was  calculated  for  th:s  process. 
Lee^^^^  investigated  the  oxidative  degradation  o-^  a  polycarbonate 
polymer  in  an  evacuated  syste-.  Tne  rajor  products  at  475^C  were 
B?A,  carbon  dioxide,  water,  acetone,  benzene,  toluene,  phenol,  cresol, 
ethyl  phenol, and  isoprooyl  phenol-  He  suggested  that  at  te-peratures 
greater  than  400*0  the  breakdor.-n  cf  rc-'e  stable  groups,  such  as  iso- 
propylidene  croups,  becomes  the  rate-controlling  process.  The  wide 
range  of  volatiles  identified  indicates  that  extensive  breakdow-  of 
both  isopropyl i dene  and  carbonate  groups  actually  occurs  during  ther¬ 
mal  decomposition. 

Kovarskaya  er  studied  the  deterioration  in  mechani¬ 

cal  properties  of  polycarbonate  polymers  induced  by  heat  treatment 
(250-350'C)  and  recommended  that  both  the  time  and  temperature  of  pro¬ 
cessing  should  be  minimized  to  reduce  chain  scission.  Several  inves- 
tigators^^^’^^’^^^  reported  that  t-hermal  degradation  of  polycarbonate 
polymers  is  accentuated  by  the  presence  of  impurities  and  certain 
additives,  e.g.,  unreacted  Bispher.cl  A,  sodium,  some  pigments, and  zinc 


stearate. 
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C.  Experiner.tal  Frogre". 

Sar.pl es  of  the  polycarbonate  pc'y-er  useO  In  this  study  were  pro¬ 
vided  by  Teijin,  Inc.,  Tokyo,  Jacan.  Tne  assir-ed  structure  of  the 
polycarbonate  with  a  ixlecular  weignt  of  25-  per  repeat  unit  is  shown 
below: 


The  polycarbonate  sa~?le  was  received  as  a  powder  which  was  dried 
at  10"^  torr  pressure  at  6C"C  for  ere  week  prior  to  use.  The  sarple 
was  then  analyzed  to  deterrine  its  ele-ental  composition.  An  infrared 
spectrur.  was  prepared  for  edditicr.al  identification. 

Elenental  analysis.  Carbon,  hydrogen  and  oxygen  co'position  were 
determined.  The  results  from  these  analyses  are  compared  to  the  ele¬ 
mental  composition  of  the  assLred  mcno-eric  unit  in  Table  33.  The 
results  obtained  by  experimental  analysis  are  in  excellent  agreement 
with  those  calculated  using  the  assumed  structure. 

Infrared  analysis.  The  infrared  spectrjm  of  the  polycarbonate 
sample  was  obtained  using  a  thin  film  made  of  polymer  melt  (Figure  33). 
The  major  absorptions  and  their  band  assignments  are  listed  in  Table 
34.  The  spectrum  was  identical  with  a  standard  spectrum  for  polycar¬ 
bonate  polymers. 
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Table  33.  Eler.ental  Coniposition  Of  Polycarbonate 


Elenent 

%  Composition 

Sample  as 
Received 

TheoreticaT* 

Carbon 

1 

75.66 

75.59 

1  ! 

Hydrogen  | 

5.57 

5.51  ; 

Oxygen 

j 

18.77 

18.90  ' 

_ 1 

^Conpesitior.  based  upon  the  structure  of  the  monor.eric 

unit. 


Figure  33.  The  infrared  spectrum  of  polycarbonate  polymer. 
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2.  Thernoar.glvticcl  stu-'.es 

The  thern'.al  characteristics  of  the  polycarbonate  polyner  were 
determined  using  the  themcanalyzer.  The  effect  of  rate  of  sample 
heating  (6,  10,  25  and- lOO’C/r.in)  and  sa-.ple  environments  (air,  heliun, 
and  oxygen)  were  determined. 

Effect  of  heating  rate  on  pcl-/-er  decradation.  Samples  of  poly¬ 
carbonate  (10  +_  0.1  mg)  were  heated  in  air  at  6,  10,  25  and  lOO’C/nin 
rates  from,  am.bient  to  1000°C  to  determine  the  changes  in  sam.ple  weight 
loss  as  a  function  of  the  heating  rate.  The  results  of  these  experi¬ 
ments  (conducted  in  triplicate)  obtained  in  an  air  environment  at  the 
four  selected  heating  rates  are  illustrated  in  Figure  34.  There  was 
no  observable  sample  weight  loss  at  any  of  the  four  heating  rates  be¬ 
low  375°C  in  air.  Sample  weight  loss  gradually  increased  between  375' 
and  450’C.  The  maximum  weight  loss,  (  occurred  at  approximately 

490'C  at  the  heating  rates  of  6  end  lO'C/rin;  the  tem.peratures  at 

which  T  occurred  at  the  faster  heating  rates  was  slightly  higher 
max 

than  490’C.  A  yellowish-white  aerosol  appeared  at  the  outlet  of  the 
furnace  as  the  temperature  approached  T^,^.  This  aerosol  was  trapped 
on  a  glass  fiber  filter  which  was  placed  in  the  trapping  line  between 
the  furnace  and  the  cold  trap.  The  sample  lost  ap?rcxir.ately  65  per¬ 
cent  of  its  original  weight  by  54D=C.  The  sample  rem.aining  above  540°C 
was  in  the  form  of  a  black  char  layer  which  degraded  at  an  appreciably 
slower  rate  than  that  portion  of  the  sample  observed  to  degrade  within 
the  lower  temperature  region.  The  remaining  char  disappeared  by  620'C 
at  the  slowest  heating  rate  and  by  7c2'C  at  lOO'C/r.in. 


6*C/min 

IO®C/min 

25*C/min 

lOO'C/min 
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Effect  of  envi ro'^.re’^.*  on  polyr;er  de-radafio" .  The  effects  cf 
er.viron-ient  on  sar.ple  weight  loss  for  the  pclycarbonete  poli'rer  is 
illustrated  in  Figure  35,  The  first  noticeable  weight  loss  was  observ.- 
ed  when  the  polyr.er  was  heated  to  approxirately  350'C  in  oxygen.  The 
te-peratjre  at  which  the  sa~ple  was  first  observed  to  lose  weight  in 
an  air  environnent  was  20’C  higher  than  that  which  was  observed  in  the 
oxygen  amcsphere.  Table  35  contains  a  su-^nary  of  the  inforr.ation 
obtained  during  the  thernoanalyzer  experiments.  The  temperatures  of 
the  DTG  maxima,  the  DTA  maxima,  the  specific  temperatures  at  which  5, 

53,  anc  93  pe-cent  of  the  original  sample  weight  was  lost,  the  nature 
of  the  overall  degradation  process,  as  well  as  the  amount  of  char  re¬ 
maining  at  "i  point"  and  at  lOOO'C,  are  compared  for  the  three  environ¬ 
ments. 

Figures  36  and  37  are  cor.posite  therm;cg''am,s  illustrating  the  ef¬ 
fect  of  environment  on  thermal  transitions  and  rate  of  sample  weight 
loss,  respectively. 

The  results  indicated  in  Figures.  36  and  37  agree  with  the  earlier 
studies  by  Telamini ^  and  show  that  the  mechanism  and  rate  of  polyr.er 
degradation  is  highly  dependent  upon  the  availability  of  oxygen  to  the 
sample.  This  dependence  appears  more  pronounced  in  high-temperature 
resistant  polymers  such  as  the  polyarom.atic  amides. 

3.  Pyrolysis  studies 

Pvroprobe  (fast  heatino)  studies.  The  volatile  products  produced 
during  the  pyrolysis  of  the  polycarbonate  polymer  were  separated, 
identified  and  quantitated  as  described  in  Chapter  IV.  Four  experiments 


EXOTHERMIC 


RATE  OF  SAMPLE  WEIGHT  LOSS  (mg/min) 


m.: 
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were  conducted  using  s2-?les  cf  pclycarbonste  ;c'.-=’-  (7-E  r.g)  wherein 
the  sanple  was  pyrclyzed  at  lOOC'C  fcr  a  period  c^  IZ  seconds.  An 
average  cf  ^6.2  percent  of  the  original  low-bci'ing  volatiles  sa-ple 
weight  was  lost  daring  pyrolysis.  A  chror.atcc-ac':  cf  the  Icw-bciling 
volatile  products  is  shown  in  Figure  33  and  the  t»ent.y  conpcunds  which 

were  identified  are  listed  in  Table  35. 

Approxi-ately  21  percent  of  the  original  pr:..-er  weight  was 

liberated  in  the  fcrr  of  low-boiling  volatiles,  ’.inety-seven  percent 
of  this  weight  loss  was  identified  and  quanfl^ied  as  these  specific 
conpounds.  The  char  residue  recovered  fror.  the  -.-roorobe  accounted 
for  an  additional  57  percent  of  the  original  sa-ple  weight.  Thus, 
a??roxir.ately  22  percent  of  the  initial  sarcle  weignt  was  converted  to 
products  which  did  not  elute  fro”  the  gas  chnp—e  —  ^''a^.n. 

As  illustrated  in  Table  35,  the  r^jor  prod-cts  obtained  during 
the  pyrolysis  of  the  polycarbonate  polyrer  at  i:::*:  were  carbon 
dioxide,  r«thane  and  carbon  ir.onoxide.  Series  phenolic  compounds, 
such  as  phenol,  p-cresol,and  ethyl  phenol,  were  ccserved  in  signifi¬ 
cant  quantities.  Other  products  were,  in  orde*-  c"'  decreasing  concen¬ 
tration,  naphthalene,  water,  toluene,  benzene,  ethane,  xylene,  propene, 

and  ethylene. 

Themoanalvzer  (slow  heat-no)  studies.  Fi^ty  million  samples  of 
polycarbonate  powder  were  pyrolyzed  in  the  the-ncanalyzer  in  a  he.iu  . 
environr.ent.  In  all  these  experir.ents  trapping  cf  the  effluents  started 
at  AOC’C.  which  was  below  the  temperature  where  tne  first  weight  loss 
occurred.  The  sampling  of  products  was  continued  for  a  five-minute 
period  after  a  ter.perature  of  lOOO^C  was  attairec,  in  order  to  collect 


Figure  38.  Low-boiling  volatiles  produced  during  the  pyrolysis  (pyroprobe)  of  polycarbonate 

at  1000"C. 


Table  36.  Low-Boiling  Volatiles  Produced  Durirg  The 
Pyrolysis  (Fast  Heating)  Of  Polycarbonate “ 
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1  Co~oc-''d  1 

1  ! 

V, 

Peak  Nu'^ber" 
(FID) 

- n 

Peak  Nu~ter‘  j 
(TC3)  ! 

Quantity' 

i 

1 - - - - - — 

Carbon  monoxide 

1  1 

82.01 

f-lethane 

1 

2  i 

120.16  ' 

Carbon  Dioxide 

3 

( 

119.36 

Ethyl ene 

2 

4 

2.60 

Etnane 

3 

5  : 

2.95 

Uct€r 

i 

6 

7.77 

Prep ene 

4  • 

1 

7 

2.66 

f-lethancl 

5 

8 

0.30 

Acetaldehyde 

6 

.  9 

0.25 

Cyclopenta  diene 

7 

10 

\ 

Trace 

Benzene 

®  1 

1  ” 

!  3.35 

Toluene 

9  : 

12 

1 

;  5. 40 

Xylene 

10  ' 

1  7.84 

-  Styrene 

11 

14 

1 

1  Trace 

Isopropylbenzene 

12 

i  15 

i 

Trace 

t 

» 

Phenol 

13 

f  16 

!  39.87 

;  P-Cresol 

14 

1  17 

1  57.90 

1 

■  Ethyl  phenol 

I  15 

1 

18 

17.00 

fiaphthalene 

i 

19 

1  15.69 

I 

i  Biphenyl 
j 

i 

20 

1  Trace 

i  Total 

485.11 

direct  probe  pyrolysis  at  1000=C  for  23  seconds  using  7-8  rg 
sample  in  a  helium  enviroment. 

^Peak  numbers  refer  to  Figure  38. 

"Milligrams  of  compound  per  gran  of  consumed  sample  during  pyrolysis. 
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all  the  residual  naterials  which  right  re-ain  in  tne  f-ra-ce  cf  the 
the'-ca'.alyzer  and  inside  the  connecting  transfer  lines. 

The  low-boiling  volatiles,  which  were  identified  fro-  these  ex¬ 
periments.  are  listed  in  Table  37  and  the  chro-atcgra-s  are  shown 
in  Figure  39.  A  total  of  33:. 5-  r.g  per  gna*  cf  original  sa'o'e  was 
recovered  as  low-boiling  volatiles.  As  is  indicated  in  ;a_.e 
rethane.  carbon  dioxide,  carbon  nonoxide  and  wate^  cor-orised  the  najor 
products  fomed  during  pyrolysis.  A  substantial  cuamtity  cf  p-cresol , 
benzene,  phenol, and  toluene  were  also  fomed  during  pyrn-ysis. 

The  carbon  nonoxide  that  was  produced  by  the  poiycarbo.s.e  Pv.y 
-er  under  conditions  of  pyrolysis  in  a  heliur.  afcscre-e  was  reasured 
bv  IR  techniques.  The  CO  absorption  at  215u  c-  wss  cc.i 

tinuously  as  the  temperature  of  the  sample  was  increased  at  a  rate  of 

1 00* C/r in. 

Carbon  nonoxide  was  liberated  from  the  poly-.er  beginring  at  an 
early  stage  of  degradation;  total  carbon  monoxide  evolved  reomeserted 
2.4  percent  of  the  original  sam.ple  weight.  Thus,  the  value  cf  2-  rg 
cf  carbon  monoxide  per  gran  of  the  original  poly-er  has  been  added  to 
Table  37,  summarizing  the  volatile  products  fom.e-  in  the  pyrctysis 


experiments. 

A  heavy  brown  oil,  which  fomed  during  pyrolysis,  was  trapped 
on  the  glass  fiber  filter.  This  oil.  which  was  very  viscous,  account¬ 
ed  for  415  mg  per  gram  of  original  sam.ple.  The  analysis  of  this  oil 
was  performed  as  described  below.  In  addition,  the  funiace  wsS  rinsed 
with  dinenthyl  fomamide  and  dimenthysulfcxide  several  ti-es  after  the 
furnace  was  cooled,  but  no  significant  amount  of  residue  was  recovered. 
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Table  37.  Lor.-5:iliR:  Volatile  Products  Produced 


Pyrolysis  (Slow  Heating)  Of  Polycarbonates’' 


Peak  Numbers 


FID  I  TCD 


T.E.^  R.F.‘ 


Quantity 


Carbon  nonoxide 
Ket^'iane 

Carbon  Dioxide 
Ethylene 
Acetyl ene 
Ethane 
Water 
Pro pen e 
Propyne 

Cyc lo pentad i ene 
Hexatriene 
Benzene 
Toluene 
Xylene 
’  Styrene 

I  Isopropylbenzene 
Phenol 
;  P-Crosol 
■  Ethyl  phenol 
j  Naphthalene 
I  Biphenyl 


•  Total 


1 

1 

0.00 

1 

2  . 

0. 05 

3 

0.97 

2  ; 

4  ! 

0.96 

3  • 

5  i 

0.96 

4  ’ 

6  i 

0.9S 

• 

7  j 

0.82 

5  1 

8  ! 

0.93 

6  1 

9  , 

0.98* 

7  ' 

10 

0.95 

8  1 

n 

0.95* 

9  1 

12 

0.90 

10  1 

13 

0.95 

i 

14 

0.95 

12  1 

15 

0.95 

13  i 

16  i 

0.95* 

14  j 

I  17 

0.8S 

15 

18 

0.8C 

16 

19 

0.7D* 

17 

20 

0.50 

18 

21 

C.4C* 

1 

0.670  ; 

0.340  ■ 

97.00 

0.915  : 

95.00 

0.585  ; 

5.73 

0.  DC* u  * 

2.04 

0.55:  • 

2.Cc 

0.550,  ■ 

25.00 

o!s70-. 

2.11 

0.950- 

C.37 

0-674  i 

1.13 

0.65* 

0.13 

0.7=: 

16.30 

0.794 

;  10.60 

C.S12  i 

i  4.52 

0.8 GO  1 

1  1.35 

0.805  i 

i  0.71 

1.105 

14.02 

1.200 

18.80 

1.3*  , 

6.60 

1.050- 

2.45 

1.31S 

Trace 

‘Estimated 

'^Average  of  five  determinations,  50  ng  sample  size. 

^Corresponds  to  peak  numbers  in  Figure  3a. 

^Relative  trapping  efficiencies. 

^Relative  response  factors  for  the  thermal  conductivty  detector. 

Milligrams  of  compound  produced  per  gram  of  polym:er  as  measured 
by  analytical  techniques. 

^Relative  response  factors  for  the  flame  ionization  dete_tor. 


Fiqure  39.  Low-botitng  yoUHles  produced  durluq  the  pyrolysts  (slow  heattnp)  of 

polycarbonate  to  100n'’C. 
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The  high-boiling  volatiles  that  were  for-ed  in  the  pyrolysis  of 
polycarbonate  were  spread  on  a  sodiur  chloride  plate  and  the  infrared 
spectrur.  (shown  in  Figure  4C)  was  obtained.  The  IR  spectru",  thus 
obtained,  resenbles  the  Bisphenol-A  used  in  the  synthesis  of  poly¬ 
carbonate  pclyr.ers.  An  infrared  spectru”  of  Bisphenol-A  is  Fi-.-l. 

Three  small  peaks  were  observed  in  the  range  of  1700-1  SOD  cr”^  and 
one  at  1790  cr,""*  agrees  with  the  carbonate  C=0  stretching  band  of 
polycarbonate.  The  other  two  peaks  suggest  the  existence  of  snail 
amounts  of  ester  linkage  of  carboxylic  acid. 

The  high-boiling  volatiles  dissolved  in  polar  solvents,  such  as 
acetonitrile,  acetone  and  THF,  partly  dissolved  in  benzene  and  toluene, 
and  was  not  soluble  in  hexane  and  cyclohexane.  This  solubility  indi¬ 
cates  that  the  sample  contained  little  Bisphenol-A  (which  is  soluble 
in  toluene)  and  that  the  major  fractions  of  the  sample  were  higher 
molecular  weight  species. 

The  HPLC  chromatogram,  illustrated  in  Figure  42,  was  obtained 
using  the  technique  described  in  Chapter  IV.  More  than  25  components 
were  separated,  however,  no  significant  quantity  of  B .s.<hen or 
p-crescl  was  found. 

The  elenental  ctp.pesition  of  the  high-boilins  voiatileseere 
detenrined.  The  results  frorn  duplicate  analyses  of  the  hioh-boiling 
.olatiles  and  theoretical  values  of  Bisphenol-t,  oliso-ers,  and 
polycarbonates  are  shown  In  Table  3S.  It  should  be  notloed  that  the 
caloulated  values  of  tbe  tetramer  are  rather  close  to  the  observed 
values.  Fro-n  these  results  one  can  estir.ate  the  hloh-bollino  volatiles 


Figure  40.  The  infrared  spectrum  of  high-boiling  volatiles  produced  during  the  pyrolysis 

(slow  heating)  of  the  polycarbonate  polymer. 


Figuro  41.  Infrared  spectrum  of  bisphenol  A. 


169 


trar-?£i  z:  the  glass  wool  during  pyrolysis  nay  be  a  rixtu^e  of  oligon- 
ers.  It  was  surprising  that  no  significant  anount  of  Eisphencl-A  *.as 
found  under  this  condition  of  pyrolysis,  as  reported  earlier  by 


The  char  that  regained  in  the  platinun  crucible  of  the  the'^noan- 
alyzer  after  an  exposure  to  lOOO'C  accounted  for  23.0  percent  cf  an 
oricf'^al  sanple  weight.  This  char  was  analyzed  for  ca>'bor.,  hydrogen, 
end  r-trcgen  content.  The  average  values  obtained  were  9£.5-'  C,  0.25\ 

H.  O'-  'i,2nd  3.10'.  0. 

»!aterials  Balance.  The  data  obtained  fro-,  the  analysis  of  the 
low-bdiling  volatiles,  the  high-boiling  volatiles  (heavy  oil  residue) 
and  uhe  solid  residue  (char)  were  used  to  obtain  a  materials  balance 
for  carbon,  hydrogen  and  oxygen  contained  in  the  polymer.  The  results 
of  this  r^terial  balance  for  the  polycarbonate  polymer  are  presented 
in  Table  35.  Of  the  lOQO  mg  of  original  sample,  330  mg  was  recovered 
as  low-boiling  volatile  products  (Table  37)  and  415  rg  was  trapped  by 
the  glass  wool  as  high-boiling  volatiles  (heavy  oil).  The  char  sample 
which  remained  in  the  platinum,  crucible  after  the  pyrolysis  was  233  mg 
per  cram  cf  sample.  The  total  amount  of  materials  recovered  accounted 
for  97.6  percent  of  the  original  sample  weight.  The  recoveries  for 
carton,  hydrogen  and  oxygen  were  96,  113, and  101  percent,  respectively. 

4. 

Samples  of  polycarbonate  were  degraded  in  air  under  dynamic  heat¬ 
ing  rates  fro.m  amibient  to  1000°C  at  a  rate  of  100  -/min.  ihe  high- 
boiling  volatiles  (heavy  oil)  that  were  formed  in  these  experiments  were 
examined  by  IR,  HPLC  chromiatography  and  elemental  analysis.  Unlike  the 


nilfriilMIfi 


ifili-lli  ^«(if 


ii^hirtlligTfi 
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Table  39.  Materials  Balance  -  Pyrolysis  (Slew  Heating) 
Of  Polycarbonate  in  Heliu'^* 


Weight  (mg)^  j 

Total 

Carbon  j 

Hydrogen  j 

j 

Oxygen  j 

Cr-;gir.al  polyrer 

- 

1000.0 

1 

755.6  1 

i 

55.6  ’ 

187.7 

ffeterial  recovered 

975.6 

722.8  ; 

63.2 

lc9.5 

Low-bciling  volatiles 

330,5 

186.1 

' 

33.3 

i 

i 

111.1 

High-boiling  volatiles 
•  {heavy  oil  residue) 

415.0 

. 

• 

314.4  i 

; 

1  1 

29.3  i 

i 

! 

1 

71.3  • 

1 

.  i 

I 

Sclid  residue  (char) 

i  230.0 

1  ' 

1  222.3 

0.6  : 

1 

7.1 

i 

) 

■  Perxent  of  polymers 
i  accojrtable  in 

products 

1 

97.6 

T 

1 

i 

1 

95.7  j 

113.7  ! 

1 

1 

i 

1 

1  -  i 

1  ICl.O  1 

j 

^he  sample  with  a  sample  size  of 

50  mg  was 

heated  fro” 

ambient  to 

IC-CO'C  at  a  rate  of  lOO'C/rr.in. 

‘Calculated  on  the  basis  of  1000  mg  of  the  original  poly, 
^sed  on  the  elemental  analysis. 
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pyrolysis  reactions  conducted  in  a  heliur  envirorrsnt,  rc  res--=- 
char  was  observed  in  the  crucible  of  the  therncanelyzer  aT.e*" 
oxidative  degradation  of  polycarbonate  sar.ples  was  co“'.€ted. 

Analysis  of  the  low-boilinc  volatiles.  The  a?parat-s  crscr::ed 
in  Chapter  IV  was  used  to  trap  and  to  analyze  the  volatile  co^ro'e-ts 
formed  during  the  oxidative  degradation  of  polycarbonate.  Five  trao- 
ping  experirrer.ts  were  conducted  using  a  50  mg  sa"le  s.ze  -n  .•‘r 


identification  and  the  quantitation  of  volatile  C0i.?.>jn_5. 


tional  experiments  were  conducted  using  a  100  ir.g  sa-ple  s'-ze  tor  fe 
identification  and  the  quantitation  of  volatile  corpou'ot.  ex¬ 


periments  were  conducted  with  10  to  20  mg  sample  sizes  »-  — =-r.  - 

titative  data  of  r.ajor  products  such  as  carbon  dicx'de  a^d  nc.cr. 
Separations  were  achieved  using  Chromcsorb  101  column  cao*:*-g  m  a 
16  ft.  x  A  nr.  O.D.  stainless-steel  tubing. 

Figure  43  contains  chromatograms  indicating  the  lew-toiling 
volatile  products  produced  during  the  oxidative  degradaVc'  c*  the 
polycarbonate  polyr.er.  More  than  24  distinct  peaks  have  te~r  ^esolvec 
by  temperature-programming  the  GC  column  from  -10  to  Zzz  Z  at  l“'_.''ir: 
Table  40  contains  a  list  of  the  products  which  have  been  ide'O-'-Jec 
and  the  amounts  of  each  present  in  mg  per  gram  of  or'g'r=; 


As  may  be  observed  in  Table  40,  1702.7  mg  per  era"  cn  t-e  erzzi- 
nal  polycarbonate  sample  were  recovered  as  volatile  p-mocuccs.  Carc-cn 
dioxide,  carbon  monoxide  and  water  comprise  95.4  percent  cf  tne  total 
volatile  products  measured  by  analytical  means.  Other  ccrt--n.a  ^nat 
were  found  in  greater  than  trace  concentrations  were  rstha-e,  phsncl 
and  ethylene.  All  of  the  compounds  which  were  identified  in  t*-e 


Fiqiire  43.  Low-boiling  volatiles  produced  during  the  oxidative  degradation  (slow  heating) 

of  the  polycarbonate  polymer  In  air  to  IGOO^C. 


173 


Table  40.  Low-Boil inc  Volatiles  Produced  Durinc  Oxidative 
(Slow  Keating)  Degradation  Of  Polycarbonate “ 


! 

j 

Peak 

•  Nj”bers^ 

;  Compounds 

TCD 

1  FID 

- l-liJ - f 

Carbon  monoxide 
Methane 

Carbon  dioxide 

Ethyl ene 

Acetyl ene 

Ethane 

Water 

Propene 

Propane 

Propyne 

Methanol 

Acetaldehyde 

1 ,3-Butadiens 

Acrolein 

Acetone 


0.00 

0.05 

0.97 

0.96 

0.95 

0.98 

0.82 

0.98 

0.98 

0.98* 

0.75 

0.98 

0.97 

0.97* 

0.97 

0.95 


0.670 

0.450 

0.915 

0.565 

0.580 

0.590 

0.550, 

0.97C-, 

1.020-, 

0.950- 

0.580 

0.650 

0.674 

0.66* 

0.650 

0.674, 


265.:: 

4£.c: 

1141.:: 

4.70 

Trace 

C.25 

215.:‘ 

2.01 

1.42 


Butanal 

!  14 

14 

0.95 

1.613- 

0.37 

Benzene 

i 

15 

0.90 

0.780 

3  .  C  «; 

Toluene 

16 

16 

0.95 

0.754 

1.52 

Xyl ene 

17 

0.95 

0.812 

C.E5 

Styrene 

Isopropylbenzene 

'  18 

19 

18 

19 

0.95 

0.95* 

0.800 

0.805 

C  *  cc 

C.C7 

Phenol 

20 

20 

0.88 

1 .105 

6./.  ; 

P-cresol 

21  1 

1  21'  ! 

j  0.80 

1.203  • 

2.45 

Ethyl  phenol 

22 

22 

'  0.70* 

1.3*  ,  ’ 

G.:5 

Naphthalene 

1  23 

23 

:  0.50 

1.C5C-  ; 

Trace  { 

Biphenyl 

i  24  _ 

24 

i  0.40* 

1.315 

TrcC6 

TOTAL 

1  1702.72  i 

?  0 

*Estir,ate 

^Average  of  5-5C  ng  samples  heated  from  ambient  to  ICOC'C  at  ICO'C/'in. 
^Corresponds  to  peak  nur.bers  in  Figure  43. 

^Relative  trapping  efficiencies. 

‘^Relative  response  factors  for  the  therm, al  conductivity  detector. 

^lilligrams  of  compound  produced  per  gram,  of  polym.er  as  deter"' nes  by 
analytical  methods. 

“Relative  response  factors  for  the  flame  ionization  detector. 
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pyrolysis  experi-e^t  in  a  heliu-  erA'iron-.ent  appeared  in  the  product 
distributions  that  were  produced  in  the  oxidative  degradation,  although 
the  a".0'jnt  of  each  co'pcund  is  different.  So^e  additional  con?ou’'ds 
such  as  r«thanol,  acetaldehyde,  acrolein,  acetone, and  butanol  were 
identified  as  having  been  formed  during  the  oxidative  degradation.  It 
Should  be  noted  that  a  weight  increase  of  approximately  70  percent  was 
observed  during  oxidative  decomposition.  This  is  attributed  to  the 
reaction  of  the  sample  with  oxygen  in  its  environment. 

Analysis  of  hich-boilinq  volatiles.  During  the  oxidative  degra¬ 
dation  experiment  a  high-boiling  volatile  in  the  form  of  a  dark-bro.vn 
heavy  oil  deposited  on  the  glass  fiber  trap  which  was  inserted  in  the 
transfer  line.  This  heavy  oil  residue,  which  accounted  for  2S7  ng  per 
gram,  cf  the  original  poljr.er  was  soluble  in  acetonitrile,  acetone,  THF, 
and  dioxa.ne,  partly  soluble  in  benzene  and  toluene,  but  insoluble  in 
hexane-  The  analysis  of  the  residue  was  performed  utilizing  IP.  tech¬ 
niques,  high  pressure  liquid  chromatograph  (HPLC)  and  elemental 
analysis. 

The  heavy  oil  deposition,  which  was  formed  in  the  oxidative 
degradation  of  polycarbonate,  was  spread  on  a  sodiu"  chloride  plate 
and  the  infrared  spectrum,  show-n  in  Figure  44,  obtained.  This  spec¬ 
trum  resenbles  that  for  the  liquid  fragment  which  was  obtained  from, 
this  polycarbonate  polymer  during  pyrolysis.  The  infrared  spectru" 
suggests  that  the  sample  contains  considerable  amounts  of  Eisphenol-A 
or  its  derivatives.  Unlike  the  infrared  spectrum  of  the  sample  ex¬ 
posed  to  pyrolysis,  this  sample  shows  stronger  bands  for  the  original 
polycarbonate  sample  at  1775  cm  \  1160  cm  \and  8S5  cm 


nnuro  A'l.  Tho  Infrflrcd  spoctruin  of  hlnh-lminnci  volrttUos  prod.i.H  duriixi  t.ho 

(i(Mir.i(l.it1oo  (slow  horttlnq)  of  tho  polycnrhoonto  polymor. 
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The  heavy  oil  obtained  during  the  oxidative  degradation  of 
polycarbonate  polyr.er  was  analyzed  by  HPLC  techniques  described  in 
Chapter  IV.  The  resulting  chronatograrr.,  shown  in  Figure  <5,  contai'-ed 
more  than  20  compounds.  The  largest  peak,  with  a  retention  tire  of 
6.2  minutes,  was  found  to  be  Bisphenol-A,  a  compound  not  present  in 
the  high-boiling  volatiles  produced  during  pyrolysis  experiments. 

Carbon,  hydrogen,  and  oxygen  analysis  were  perfonned  on  the  high- 
boiling  volatile  residues  produced  during  the  decomposition  of  poly¬ 
carbonate.  A  sxmary  of  these  results  is  presented  in  Table  41, 
together  with  the  analysis  of  the  residue  fromi  the  pyrolysis  of  poly¬ 
carbonate.  Theoretical  compositions  for  Bisphenol-A,  oligo-ers,  and 
polycarbonate  are  also  listed  for  reference.  The  elemiental  composi¬ 
tion  found  for  the  sample  can  be  explained  as  a  mixture  of  Bisphenol-A 
and  oligom,ers  or  polim-.er. 

Analysis  of  solid  residue.  No  char  remained  in  the  crucible  of 
the  therr.oanalyzer  after  exposure  of  the  sample  in  an  oxidative  envi¬ 
ronment  to  lOOO’C.  Attempts  were  made  to  follow  the  change  of  the 
elemental  com.position  of  the  residual  compounds  remaining  in  the 
crucible  during  several  stages  of  weight  loss.  The  results  cf  this 
study  are  summarized  in  Table  42. 

Materials  Balance.  A  materials  balance  was  calculated  using  the 
information  obtained  from,  the  analysis  of  the  volatiles  and  the  heavy 
oil  residue  (high-boiling  volatiles).  Since  the  reaction  of  the  poly¬ 
mer  with  the  oxygen  accounted  for  a  major  increase  in  weight,  as  com¬ 
pared  to  the  initial  sam.ple  weight,  a  materials  balance  for  oxygen  was 
not  calculated.  Table  43  contains  a  sur,mary  of  the  materials  balance 


TIME  (minutes) 

Figure  45.  HPLC  chroma togrom  of  the  hiuh-boiling  volatiles  produced  during  the 

oxidative  degradation  (slow  heating)  of  the  polycarbonate  polymer. 
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Tatle  41.  Eler.er.tal  Analysis  of  High-Boiling  Re3id..es 
Produced  During  The  Thermal  Decomposition 
(Slow  Heating)  Of  Polycarbonate 


«  Composition 

Carbon  ! 

1 

Hydrogen 

CAvger. 

Hich-5oilinc  Volatiles 
Produced  D-ring 
'Oxidative  Degradation 

77.17  ; 

6.10 

16.76 

High-Ecil ir.g  Volatiles 
Prod.-ced  During 

Pyrolysis 

• 

75.78 

6.10 

16.76 

Theoretical , 

Bisphencl-A 

78.95 

. 

7.02 

14.05 

Theoretical,  Dimer 

80.52 

6.49 

m 

76.36 

i  5.86 

17.7= 

Theoretical,  Polymer 

75.59 

5.51 

18.9: 

1S3 


Tctle  <2.  r'iterials  Balance  -  Oxidative  Degradaticr, 
(Slow  Heating)  Of  Polycarbonate 


Weight  (r.g)^ 

Total 

I 

Carbon  j 

! 

i 

HydrOCr'’  1 

Orir'ra*: 

1000 

756.6 

55.6 

Material  recovered 

1989.7 

706.8 

56.1  ■ 

1 

LOfc- boiling  volatiles 

1702.7 

485.3 

38.6 

‘-igh-bciling  volatiles^ 
(neavy  oil  residje) 

287.0 

221.5 

17.5 

1 

Solid  resid-e 
(cr^r) 

0 

0 

0 

I 

1 

! 

Percent  c^  coly-ers 
cccc-''tac’. e  in  products 

199.0 

93.4 

■ 

"Calr-latec  cr  the  basis  of  ICOOr.g  of  the  original  pclj-rer. 
‘Calc-latec  fro-  the  result  of  elerental  analysis. 
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that  was  obtained  during  these  experiments  with  the  polycarbonate 
polymer  when  a  50  mg  sample  was  heated  from  ambient  to  lOOO'C  at  a 
rate  of  100®C/min  in  air.  On  the  basis  of  1000  mg  of  the  original 
sample,  1702.7  rg  of  low-boiling  volatiles,  together  with  237  mg  of 
high-boiling  volatiles,  were  recovered.  No  significant  amount  of  char 
residue  was  recovered.  The  total  amount  of  material srecovered  was 
1989.7  mg.  Hence,  the  overall  yield  for  this  experiment  was  199  per¬ 
cent,,  based  on  the  original  sample  weight.  The  elemental  composition 
of  the  volatile  products  was  based  upon  the  sum  of  carbon  and  hydrogen 
content  of  the  individual  products.  The  amount  of  each  element  in  the 
high-boiling  volatile  fraction  was  based  upon  the  result  of  the  elemen¬ 
tal  analysis.  When  the  elemental  composition  of  the  identified  mate¬ 
rial  is  summed,  93.4  percent  of  the  carbon  and  100.9  percent  of  the  hy¬ 
drogen  that  were  present  in  the  original  sample  are  accountable  in  the 
products  observed. 

D.  Discussion 

In  the  study  of  the  pyrolysis  and  the  oxidative  degradation  of 
the  polycarbonate  polymer  virtually  all  the  products  (low-boiling 
volatiles,  high-boiling  volatiles  and  solid  residues)  were  separated, 
analyzed  and  quantitated.  These  results  were  used  to  develop  a 
materials  balance  specific  for  each  mode  of  decomposition. 

In  the  inert  helium  environment,  approximately  9S  percent  of  the 
sample  weight  was  recovered.  The  materials  balance  for  carbon,  hydrogen. 


182 


oxygen  was  95.7,  113.7,  and  101.0  percent,  respectively. 

In  an  oxidative  environment  the  materials  balance  was  calculated 
only  for  carbon  and  hydrogen,  since  a  considerable  amount  of  oxygen 
was  taken  up  from  the  environment  during  the  oxidative  degradation 
reaction.  The  balance  for  carbon  and  hydrogen  was  93.4  and  100.9  per¬ 
cent.  A  significant  amount  of  char  was  formed  which  accounted  for  ap¬ 
proximately  23  percent  of  the  original  polymer  weight.  The  degradation 
reaction  commenced  at  lower  temperatures  than  was  observed  during  the 
pyrolysis  in  an  inert  helium  environment.  The  oxidative  degradation 
was  multi-modal  and  thus  more  complex  than  was  observed  in  the  inert 
environment  {see  Figures  35,  36,  37).  The  char,  which  was  observed  to 
form  during  the  oxidative  degradation,  decomposed  completely  at  high 
temperatures.  The  products  produced  during  the  pyrolysis  and  oxidative 
degradation  of  the  polycarbonate  polymer  are  summarized  in  Tables  37 
and  40.  It  is  evident  from  the  information  presented  in  these  tables 
that  some  differences  exist  between  the  product  distributions  that 
were  observed  in  the  inert  and  reactive  environments. 

In  a  helium  environment  oligomers  were  formed  which  accounted 
for  415  mg/gram  of  the  original  sample.  These  results  are  different 
from  those  reported  by  Davis  and  Golden. Davis  and  Golden 
reported  the  formation  of  a  significant  quantity  of  Bisphenol-A. 

It  should  be  noted  that  their  experiments  were  conducted  in  vacuum, 
thus  the  volatile  products  eluting  from  the  sample  were  rapidly  removed 
from  the  furnace  and  the  potential  for  secondary  reactions  was  substan¬ 
tially  reduced.  In  the  oxidative  environment  there  was  a  major  increase 
in  the  quantities  of  carbon  monoxide,  carbon  dioxide  and  water  produced 
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as  compared  to  the  ccr.centrations  of  these  products  produced  during 
pyrolysis,  in  add'-fjcr.  to  the  compounds  which  were  identified  durir.o 
the  pyrolysis  experi-ents.  a  number  of  additional  species  were  observed, 
including  Bisphenol-A,  during  the  oxidative  decomposition  of  the  poly¬ 
carbonate  poljrer.  In  general,  the  quantities  of  most  compounds, 

except  of  CO,  Cc-.and  h^O  decreased,  as  oxygen  was  added  to  the  sample's 
environmient. 

The  elemenuci  conpcsition  of  the  solid  residue  recovered  during 
the  oxidative  degradation  at  50  percent  weight  loss  was  significantly 
altered  from,  that  cf  tne  original  polymer.  Further  increases  in  the 
carbon  con cent rati cm.  accompanied  by  respective  decreases  in  hydrogen 
and  oxygen  content  of  the  char  were  observed  at  the  point  where  £7  per¬ 
cent  weight  loss  ccc-rs.  This  is  obviously  different  from  the  deccm- 
positions  observed  in  the  other  polymers  studied,  such  as  Nylon  6  an 
PET.  The  rap-id  loss  cf  oxygen  in  the  oxidative  environment  should  be 
noted.  This  information  suggests  that  the  elimination  of  carbon  diox¬ 
ide  and  the  formation  of  char  occurred  at  an  earlier  phase  of  the  de- 
gradation  of  pclycarbcnate. 


The  formation  of  themajor  pyrolysis  products  can  be  explained 
in  terms  of  simple  cleavages  of  the  carbon-carbon  and  carbon-oxygen 
atom  bonds  in  the  structure  of  the  polycarbonate  polymer. 

The  weak  bones  in  the  polycarbonate  structure  are; 


CH3 

C 
CH, 


0  • 


CH' 


i  .  •  '*** 

A  B  §■  A' 


CH- 


C 
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A,  B,  C  and  D,  as  illustrated.  During  the  pyrolysis,  consecutive 
cleavages  at  positions  A  and  B'  or  B  and  A*  could  account  for  the 
formation  of  the  most  abundant  species,  carbon  dioxide.  Cleavage  at 
D  or  D'  is  responsible  for  the  formation  of  methane.  Diphenyl  carbon¬ 
ate  will  be  formed  by  the  scissions  at  C  and  C.  This  compound  will 
readily  decompose  to  benzene,  phenol  and  carbon  dioxide  by  hydrogen 


abstraction: 


0-0-20-0 


- 

0  ♦  00" 


Phenol  and  benzene  can  also  be  formed  from  terminal  groups: 


CH3 

CH, 


CH3 

CH, 


-0-0-  -COj,0 


Using  the  hypothesis  by  Davis  and  Golden f 
water  and  crosslink  structure  can  be  explained: 


the  formation  of 
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Crosslinks 


(26) 


In  the  oxidative  environnent  it  is  probable  that  the  degradation 

of  isopropylidene  grojps  involves  oxidation  to  hydroperoxides,  follcr^fed 

(54) 

by  extensive  chain  scission.  This  breakdown  mechanisr.  will 

be  superimposed  upon  the  noroal  thermal  degradation  of  polycarbonate. 
Since  a  high  concentration  of  water  can  be  formed  during  the  oxidative 
degradation  process,  hydrolysis  ray  become  an  important  reaction  during 
the  degradation  in  an  air  environment: 


CH3 

.CO3-0-C-0- 

CH, 


H^O 


+  CO 


2 


(27) 


This  reaction  will  result  in  the  formation  of  carbon  dioxide  and 
Bisphenol-A,  the  latter  not  being  observed  in  the  products  of  pyrolysis. 


CHAPTER  VII 


POLYETHYLENE  TEREPKTKALATE  POLYMER 


A.  Introduction 

Polyethylene  terephthalate  (PET)  is  a  polyester  with  a  repeat 
unit  of 

0  0 


PET  polyTT!ers  are  one  of  the  most  important  classes  of  commercial 
polymers  used  in  the  manufacture  of  fibers  and  films  where  high 
strength  is  required.  This  polymer  is  widely  used  corriercially  in 
the  manufacture  of  tire  cord,  as  well  as  for  the  manufacture  of  mo¬ 


tion-picture  film  and  recording  tapes.  Polyethylene  terephthalate  was 

(92  93  94) 

first  synthesized  by  Khinfield  and  Dickson'  ’  ’  and  resulted 

directly  from  the  earlier  work  of  Carothers.  Whinfield  and 


Dickson  incorporated  a  stiff  r-phenylene  group  into  the  polymer  chain. 
Industrial  production  of  PET  polymers  connenced  in  the  early  1950' s  in 
England  and  the  United  States,  and  today  the  world  consumption  of  PET 
in  1976  was  estimated  to  be  approximately  4.5  million  tons  with  a 


United  States  consumption  of  nearly  1.5  million  tons.  Polyethylene 


terephthalate  now  completely  outsells  Nylon  and  it  is  the  most  widely 
used  synthetic  fabric  material.  Polyethylene  terephthalate  is 
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produced  worldwide  end  is  sold  under  a  variety  of  names  which  are 
listed  below:  Decrcn  (duPont);  Mylar  (duPont,  film),  Terylene  (U.K.), 
Kodel  (Eastman  Kodet),  Fortrel  (Fiber  Industries,  Trevira  (Hoechst), 
and  Tetoron  (Jap-r;. 

Polyethylene  terephthalate  possesses  a  high  crystalline  melting 
point,  265®C,  and  retains  good  mechanical  properties  at  temperatures 
up  to  150-175'C;  its  chenical  and  solvent  resistance  are  good.  Poly¬ 
ethylene  terephthalate  yam  blends  well  with  other  fibers,  especially 
cotton,  to  provide  easy-care  and  permanent  press  characteristics.  The 
use  of  PET  polymers  in  carpeting  is  expanding.  Polyethylene  terephth¬ 
alate  fiberfill  is  widely  used  for  insulation  applications.  Due  to 
its  good  mechanical  craperties  and  transparency,  PET  is  used  as  a  film 
base  as  well  as  a  base  for  magnetic  tapes  where  its  thinning  character¬ 
istics  are  required- 

Polyethylene  terephthalate  is  produced  from  terephthalic  acid 
and  ethylene  glyccl.  Terephthalic  acid  is  derived  from  r-xylene  by  an 
oxidation  reaction  ar.d  is  frequently  used  in  the  form  of  the  dimethyl 
ester— dimethyl  terephthalate  (DMT),  since  the  latter  is  easier  to 
purify  and  handle  than  terephthalic  acid.  Ethylene  glycol  is  obtained 
conrercially  from  ethylene  via  ethylene  oxide. 

Polynerizaticn  is  carried  out  in  two  steps.  The  first  step  en¬ 
compasses  the  reaction  of  terephthalic  acid  or  DMT  with  ethylene 
glycol  to  form  bis-(hydrcxyethyl )  terephthalate  (BHET). 


188 


Terephthalic 

acid 


H3COOC  0  COOCH^  + 

Dinethyl 

terephthalate 

(or-n-) 


HOCH2CH2OH 


Ethylene 

glycol 


\ 

HOH2CH2OOC 


COOCH2CH2OH 


HOCH2CH2OH 

Ethylene 

glycol 


Hydroxyethyl  tere¬ 
phthalate  (BHET) 


(28) 


Calciur;  magnesiifr,  or  manganese,  is  used  to  catalyze  this  reac¬ 
tion.  The  first  step  is  necessary  to  attain  the  exact  stoichiometry 
between  the  carboxylic  acid  and  the  diol.  The  second  step,  during 
which  the  polyr,er  is  actually  formed,  is  taken  place  in  a  temperature 
range  of  230-2S5'C. 


h0H2CH2C00C^^cd:::-2^H20h  - -  pet  +  HOCH2CH2OH  (29) 

(BHET)  Ethylene  glycol 

Since  the  equilibrium  of  this  reaction  is  not  favorable  for  the 
formation  of  polymer,  it  is  necessary  to  remove  ethylene  glycol  utiliz¬ 
ing  a  high  vacuum  up  to  0.5  mm  Hg.  Antimony  trioxide,  2520^,  is  used 
to  promote  this  condensation  reaction.  The  polymer  thus  formed  has 
molecular  weight  of  22,000-30,000,  and  an  intrinsic  viscosity  of 
0.40-0.50  as  measured  in  o-chlorophenol  solution. 

As  PET  is  widely  used  for  apparel  and  home  interior  materials, 
such  as  carpets  and  curtains,  good  flame-retardancy  is  required.  The 
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U.S.  Sleepware  Standard,  the  r:OSt  stringent  legislation  in  the  world 

(41 

pertaining  to  flarrability,  has  been  in  effect  since  1972.  This 
regulatory  legislation  requires  that  sleepware  in  sizes  0  to  14X  meet 
a  required  maxinur.  bum  length  when  exposed  to  a  flame  source  in  a 
vertical  position.  The  PET  polymer  melts  when  exposed  to  a  small 
ignition  source  and  the  flame  often  disappears  in  a  flaming  melt.  It 
should  be  noted  that  the  poor  moisture  regain  characteristics  of  PET 
fabrics,  similar  to  Nylon,  makes  it  rather  uncomfortable  when  used 
as  a  single  fabric  in  clothing.  Thus,  other  fibers,  such  as  cotton, 
are  used  in  the  production  of  clothing.  The  cotton  tends  to  stabilize 
the  melt  by  forming  a  char  and  thus  the  PET  fabric  used  in  a  blend 
burns  more  rapidly  than  when  used  alone.  A  number  of  patents  have 
reported  improved  techniques  for  flame  retarding  PET  fabrics.  Basic¬ 
ally,  two  methods  are  used:  (1)  the  treatment  of  the  textiles  with 
fire- retardants  containing  phosphorus  and/or  halogen  (chlorine  or 
bromine);  (2)  the  incorporation  of  flame-retardant  elements  or 
flame- retardants  into  PET  polymer  either  by  copolymerization  or 
blending.  Unfortunately,  the  incorporation  of  fire  retardants  into 
the  PET  polymer  results  in  changes  of  the  polymer's  basic  chemical, 

physical  and  mechanical  properties. 

(8) 

Recently  Blur,  end  Ar^s  have  stated  that  the  fire  retardant 
tris  (2,3-dibromopropyl}  phosphate,  used  in  PET  fabric,  is  carcinogen¬ 
ic.  Early  test  results  conducted  fcy  personnel  of  the  National  Cancer 
Institute^^^  have  confirmed  these  findings  and  the  use  of  this  parti¬ 
cular  fire  retardant  has  been  recently  banned  by  the  U.S.  Consumer 
Products  Safety  Conrissicn. 


B.  Literature  Suri^ey 

(97) 

Pohl  studied  the  relationship  of  cherical  structure  to  the 
therral  stability  in  polyesters  by  measuring  the  rate  of  total  gas 
evolution,  the  change  in  coloration  and  the  formation  of  acid  end 
groups  in  vacuum.  These  results  inducated  that  the  stability  of  the 
terephthalic  acid  polyesters  decrease  in  the  order  of  2, 2-dimethyl - 
propanedi ol -1 , 3>ethy 1 ene  glycol >decamethy 1 eneglycol>die thy 1 eneg 1 y col . 
Pohl  attributed  the  order  of  therrel  stability  to  the  presence  of  the 
3-CH2-  group  adjacent  to  the  ether  oxygen,  since  replacement  of  the  £ 
hydrogens  by  methyl  grouos  increases  the  stability.  The  rate  of  poly¬ 
mer  decomposition  increases  with  an  increase  in  the  number  of  ether  oxy¬ 
gens.  Pohl  also  reported  the  formation  of  acetaldehyde,  water,  carbon  di¬ 
oxide  and  acid  end  grcups  as  welTas  anhydride  end  groups  as  determined 
by  infrared  examination.  These  results  were  interpreted  to  indicate 
that  randor;  scissions  occur  during  the  degradation  of  PET  polymers. 
Marshall  and  Todd'  studied  the  kinetics  of  degradation  of  PET  in 
an  oxygen-free  atmosphere,  by  measuring  the  change  in  melt  viscosity 
as  a  function  of  time.  Tne  initial  rate  of  degradation  was  calculated 
from  the  decrease  in  rslt  viscosity  and  was  found  to  be  in  good 
agreement  with  that  calculated  using  the  standard  equations  for  random 
chain  scission.  Scission  was  found  to  occur  at  the  ester  linkages 
to  give  one  carboxyl  group  per  chain  scission.  A  radical  mechanism 
was  postulated  for  the  thermal  decomposition  process,  since  the  rate 
of  degradation  was  accelerated  by  oxygen.  The  principal  products  of 
pyrolysis  found,  when  the  polymer  was  exposed  at  280-320'C  for  39 
hours,  were  carbon  dioxide,  carbon  monoxide  and  acetaldehyde.  The 
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sublisrate  consisted  of  terephthalic  acid  and  an  unidentified  material, 
presumed  to  be  a  segment  of  the  chain  about  the  size  of  a  monomer  or 
dimer  unit.  The  proportion  of  terephthalic  acid  and  the  unidentified 
material  was  found  to  increase  by  300®C,  while  at  320“C  the  sublimate 

contained  almost  pure  terephthalic  acid. 

(99) 

Mikailov  studied  PET  fiber  at  temperatures  around  200=C. 

He  observed  that  deterioration  of  the  mechanical  properties  of  the 
fibers  were  accelerated  by  the  presence  of  oxygen.  Similar  effects 
caused  by  oxygen  were  found  in  studies  of  the  photo-degradation  of 
PET  polymers. 

(100) 

Ritchie  studied  the  mechanism  of  thermal  degradation  by 
pyrolyzing  model  compounds  (simple  carboxylic  esters)  in  the  vapor 
phase  at  400-500®C.  These  studies  indicated  that  initiation  of 
thermal  decomposition  is  a  primary  alkyl-oxygen  scission  of  the  type: 

RCOOCCH  PCOOH  +  >C*C<  (30) 

with  competing  secondary  scission  such  as  alkenyl-o-scission 

.RC00C*CH  RCOOH  +  -C=C-  (31) 

Goodings^^®^ ^  carried  out  degradation  experiments  of  PET  polymers  in 
the  liquid  phase  at  2S2-323’C  in  an  oxygen-free  atmosphere.  He  obser¬ 
ved  that  PET  decomposed  slowly  with  an  evolution  of  gaseous  products, 
the  formation  of  low-molecular  weight  products,  the  formation  of  diff¬ 
erent  functional  groups  and  the  discoloration  of  the  polymer.  The 
concentration  of  hydroxyl  end-groups  decreases  during  degradation  while 
the  concentration  of  carboxyl  groups  tends  to  increase.  These 
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observations  agree  with  the  results  obtained  during  analysis  of  actual 
production  processes.  Such  studies  have  shown  that  the  nur.ber  of  car¬ 
boxylic  end  croups  increase  slowly,  even  in  high  vacuum,  at  tempera¬ 
tures  above  2c5“C. 

Goodings^^®^^  studied  the  gaseous  products  produced  during  the 
pyrolysis  of  PET  in  the  temperature  range  of  283-306°C  by  mass  spectro¬ 
metry.  The  observed  products  are  listed  in  Table  44.  He  also  analyzed 
a  sublimate  which  contained  naphthalene,  low  molecular-weight  oligomers, 

and  unsaturated  esters.  A  number  of  compounds  which  were  identified 

(971 

during  the  pyrolysis  of  PET  are  shovmi  in  Table  45.  Pohl  and 
Goodings^^^^^  suggested  the  color  formation  of  PET  during  pyrolysis  was 
attributed  to  the  presence  of  ethylene  linkages  which  remain  in  the 
main  chain. 


Table  44.  Low-boiling  Volatiles  Produced  During  the  Pyrolysis 
of  Polyethylene  Terephthalate  at  2S8°C 
(Data  from  Reference  101) 


Constituent 

%  (mole  percent  of  total  gases) 

CO 

8.0 

CO2 

8.7 

H^O 

0.8 

CHjCKQ 

80.0 

C2H4 

2.0 

2-Methyl dioxol an 

•  0.4 
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0.4 

0.4 
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(Data  from  Reference  101) 


Due  to  the  conplexity  of  products  obtained  during  the  degrade 
tion  of  PET,  both  Ritchie^^®''^  and  Goodings^^*^^ ^examined  model  com¬ 
pounds  structurally  related  to  PET.  Both  investigators  studied  the 
degradation  of  ethylene  dibenzoate: 

0  0 

Ritchie  also  studied  the  following  compounds: 

0  0 

C0CH2CH20CH2C-:20C 

0  0  0  0 

COCH2CH20C  COCH2CH20C 

0 

0  COCK2CH2CH 

0 

©C-O-CH-CHj 

Comparison  of  the  degradation  of  these  compounds  with  that  of  PET 
led  to  the  following  conclusions: 

(1)  Initial  randam  scission  forms  new  carboxyl  and  vinyl 
ester  end  groups,  as  shown  in  Equation  (33). 
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(2)  The  vinyl  ester  end  groups  are  degraded  in  different  ways, 
depending  upon  the  te-?erature  to  which  they  are  exposed 
and  the  residence  tire  in  the  high  tenperature  zone. 


0 


This  series  of  reactions  accounts  for  the  formation  of  terephthalic 
acid,  vinyl  benzoate,  acetylene,  ketones,  carbon  monoxide  and  acetal¬ 
dehyde.  Another  source  of  carbon  monoxide  could  be  the  decomposition 
of  acetaldehyde  at  temperatures  above  400°C. 


The  activation  energy  for  the  pyrolysis  of  PET  was  calculated  by 
Goodings^^*^^ ^  and  Straus  and  Wall.^^^^  The  results  predict  that  the 
activation  energy  is  in  the  range  of  30-40  kcal/nole. 

C.  Experimental  Program 

A  sample  of  PET  polymer  was  provided  by  the  Teijin,  Inc.,  Tokyo, 
Japan.  The  assumed  structure  of  the  PET  polymer  (a  polycondensate  of 
terephtnalic  acid  and  ethylene  glycol)  is  illustrated  below: 

0 

with  a  molecular  weight  of  192  per  repeat  unit.  The  sample  was  suppli¬ 
ed  in  the  form  of  square  chips. 

1 ;  Polymer  characterization 

The  PET  sample  was  crushed  into  a  powder,  dried  at  10*®  torr  at 
60®C  for  7  days,  and  analyzed  for  elemental  composition.  An  infrared 
spectrum  was  also  obtained  using  a  thin  film  from  the  polymer  melt. 

Elemental  analysis.  A  summary  of  the  elemental  analysis  is  pre¬ 
sented  in  Table  46,  together  with  the  theoretical  composition  calcula¬ 
ted  on  the  basis  of  the  assumed  repeat  unit.  According  to  the  manu¬ 
facturer’s  information,  a  slight  amount  of  titanium  dioxide  was  con¬ 
tained  in  the  sample  as  a  pigment;  however,  this  concentration  of  the 
pigment  was  negligible.  The  results  obtained  during  actual  elemental 
analysis  shows  an  excellent  agreement  with  the  theoretical  calculations 

Infrared  analysis.  Figure  46  is  the  infrared  spectrum  of  PET 


Table  46.  Eler.errtal  Cc-position  Of  Polyethylene 
Terephthalate  Polymer 


Composition 

Element 

Sample  As  Received 

Theoretical"  ' 

i 

■ 

!  Carbon 

1 

62.23 

4 

62.50  1 

Hydrogen 

1  4.C3 

1  33.74 

1 

4.17 

Oxygen 

33.33  i 

: _ 1 

^Composition  based  upon  the  structure  of  the 
mononeric  unit. 


Figure  46.  The  infrared  spectrum  of  polyethylene  terephthalate. 
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polyr.er  that  was  o^tairai  from  a  thin  filni  made  from  polymer  melt.  The 
infrared  band  assigrmerts  for  this  spectrum  are  summarized  in  Table 
47.  This  spectrum  sucpcrts  the  proposed  structure  of  the  PET  polym.er. 

2.  Themoanalytical  studies 

Samples  of  the  PET  polymer  which  were  evaluated  using  a  thermo- 
analyzer  were  subjected  to  four  dynamic  heating  rates  and  three  diff¬ 
erent  environments  to  ascertain  what  effect  each  variable  had  upon 
polymer  degradation. 

Effect  of  heatirc  rate  of  polymer  degradation.  Samples  of  the 
PET  polymer  (10  +  0.1  r.z)  were  heated  in  air  at  6,  10,  25, and  100®C/min 
from  ambient  to  10DO®C.  Figure  47  contains  the  data  (triplicate  analy¬ 
ses  for  each  condition)  that  sinmarize  the  polymer  weight  loss  charac¬ 
teristics  at  these  four  dynamic  heating  rates.  There  was  no  noticeable 
weight  loss  at  any  of  the  four  heating  rates  below  295°C  in  the  air 
environment.  Above  350®C  the. samples  lost  weight  rapidly  between  350°C 
and  460®C  at  heating  rates  of  6  and  10®C/min  in  this  environment. 

Analysis  of  the  TEA.  curves  indicated  a  bimodal  degradation  process. 
The  first  phase  of  the  degradation  process,  shown  by  the  fairly  steep 
linear  range  of  the  thermogram,  corresponds  to  the  depolymerization  and 
the  char-formation  reactions.  The  second  phase  of  the  thermal  decom¬ 
position  process  corresponds  to  oxidative  degradation  of  the  char 
structure. 

The  rate  of  heating  had  a  moderate  influence  on  sample  weight  loss; 
at  the  lower  rates  of  heating  no  residues  were  observed  above  575°C, 
while  some  residues  were  observed  at  temperatures  above  700®C  when  the 
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Table  47.  Infrared  Analysis  Of  Polyethylene  Terephthalate  Polyr;er 


Frequency 
(wave  numbers) 

Band  Intensity 

Assignment 

3340 

U 

c  =  0  overtone 

3050 

u 

aromatic  CH  stretch 

2955 

\ 

w 

aliphatic  CH2  stretch 

2880 

u 

aliphatic  CH2  stretch 

in 

CVJ 

s 

C  =  0  stretch 

1570 

u 

aromatic  C-C  bend 

1495 

u 

aromatic  C-C  bend 

4 

1440 

u 

CHg  deformation 

1400 

K 

aromatic  C-C  bend  (in  plane) 

1360 

U 

CHg  deformation 

i  1330 

r. 

CHg  deformation 

1  1250 

s 

unresolved  triplet  C-O-C 

1  mo 

s 

C-O-C  stretch 

1 

'  1090 

s 

C-O-C  stretch 

j  1010 

K 

aromatic  C-C  bend  (in  plane) 

J 

870 

U 

aromatic  C-C  bend  (out  of  plane)' 

1 

760 

K 

aromatic  C-H  bend  (out  of  plane)! 

1 

W  s  Weak  band 
M  =  Moderate  band 
S  =  Strong  band 


TEMPERATURE  {®C) 

Figure  47.  Effect  of  heating  rate  on  sample  weight  loss  for  polyethylene 

terephthalate  in  air 
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sample  was  subjected  to  higher  rates  of  heating.  A  dense  white  aero¬ 
sol  mist  was  generated  when  the  weight  loss  of  the  PET  polymer  reacned 
approximately  45-5G  percent;  this  aerosol  gradually  disappeared  as 
the  temperature  increased  above  <30°C. 

Effect  of  environment  on  oclyrer  decradation.  It  is  generally 
accepted  that  the  mechanism,  and  the  rate  of  polymer  degradation  is 
influenced  by  the  concentratiwi  of  oxygen  present  in  the  environ¬ 
ment.  The  thermograms  presented  in  Figure  48  illustrate  the  ef¬ 

fect  of  this  phenomena.  In  pure  oxygen  the  first  major  weight  loss 
commenced  at  approximately  26:‘C,  which  is  slightly  higher  than  the 
melting  point  of  the  FE7  poly-er.  The  sample  was  often  observed  to 
flow  and  self-ignite  at  approximately  420’C.  The  remaining  char 
eroded  slowly  until  the  sample  was  totally  consumed  by  540®C. 

Polymer  weight  loss  in  the  air  environm.ent  occurred  at  a  slightly 
higher  temperature  than  that  which  was  observed  in  oxygen  environment. 
The  samples  of  polymer  decomposed  in  the  air  environment  did  not  exhib¬ 
it  evidence  of  flaming  co^ustion,  but  continued  to  lose  weight  rapidly 
to  a  temperature  of  approximately  450®C  when  the  formation  of  a  black 
char  was  observed.  Char  formation  occurred  at  an  approximate  weight 
loss  of  87  percent.  The  char  residue  was  consumed  slowly  and  disappear¬ 
ed  entirely  by  575'C.  A  slight  residue,  in  the  form  of  a  white  powder, 
remained  after  the  furnace  was  heated  to  IDOO^C  in  the  oxidative  envir¬ 
onments.  This  powder  was  later  identified  as  the  titanium  dioxide  pig¬ 
ment  which  was  added  to  the  polymer  during  processing. 

the  thermograms  shown  in  Figure  48  indicate  that  the  rate  of  weight 
loss  by  the  PET  polymer  in  the  helium  environment,  although  commencing 
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gure  48.  The  effect  of  environment  on  the  weight  loss  of  pol 
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at  a  higher  terperat-re,  t.as  sir-:'ar  to  that  observed  in  the  oxidative 
environrnents  below  ^cC'C.  Littie  aoditional  weight  loss  occurred  in 
helium  environrents  above  45:':  z't  a  black  brittle  char  which  comprised 
approximately  13  percent  cf  tne  original  sample  weight,  remained  after 
exposure  to  ICCO'C.  The  ele"£r.t2l  analysis  conducted  on  this  residue 
indicated  the  char  corpcsition  to  be  iX  *  95.33;  =  0.71;  and  «  0  = 

3.96. 

It  is  interesting  to  note  that  the  formation  of  a  stable  char 
structure  was  not  observed  during  the  thermal  decomposition  of  the  ali¬ 
phatic  Nylon  6  polymer  in  the  inert  heliun  environment,  as  compared  to 
the  stable  char  structure  rerairing  after  exposure  to  lOOO'C  in  the 
case  of  the  PET  polymer.  Sir.ce  both  polymers  were  formed  via  a  step- 
growth  polyrerizati cn  process,  it  is  felt  that  the  presence  of  aromatic 
rings  in  the  polymer  structure  of  the  PET  polymer  served  as  a  precursor 
for  the  formation  of  the  rigid  stable  char  structure. 

Figures  49  and  53  are  cor^osites  containing  the  DTA  and  DIG 
spectra  obtained  during  the  therral  degradation  of  the  PET  polymer  in 
the  three  environments  at  a  heating  rate  of  10  C/min.  In  helium  the 
degradation  process  was  observed  to  be  slightly  endothermic.  In  both 
air  and  oxygen  envircn-ents  the  decomposition  was  observed  to  be  highly 
exothermic  and  exhibited  multiple  maxima.  In  air  two  major  maxima 
appeared  in  DTA  traces  at  423  and  546=C.  The  peak  observed  at  the 
lower  temperature  region  where  the  TGA  curve  is  almost  linear,  while 
the  latter  peak  corresponds  to  the  oxidative  decomposition  of  char 
structure  which  was  forr«d  during  the  early  phase  of  polymer  decomposi¬ 
tion  (as  will  be  discussed  later  in  this  dissertation).  The  DTA  data 
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recorded  in  an  oxygen  environr^nt  contained  eight  distinct  maxima  at 
325,  345,  360,  375,  385,  395,  422  and  483®C,  the  last  two  peaks  exhibit¬ 
ing  a  high  degree  of  exotherricity. 

The  DTG  traces  (Figure  50)  provided  additional  information  pertain¬ 
ing  to  the  thermal  decomposition  process.  In  the  helium  environment 
there  was  a  single  definite  maximx;  which  appeared  at  437‘’C.  In  air 
and  oxygen  a  good  correspondence  was  observed  between  the  DTG  traces 
and  the  DTA  traces.  In  oxygen,  for  exnple,  there  are  eight  or  more 
peaks  in  DTG  appearing  at  330,  345,  361,  375,  385,  395,  405,  415, and 
484°C,  which  correspond  almost  perfectly  to  those  peaks  observed  in 
the  DTA  spectrum.  Similar  observations  were  observed  in  the  DTG  maxima 
obtained  in  the  air  environment  which  appeared  at  417  and  54£®C. 

Table  48  summarizes  sore  of  the  more  important  thermal  characteris¬ 
tics  that  were  observed  during  the  thermal  degradation  of  the  PET  poly¬ 
mer  in  helium,  air  and  oxygen  environments.  The  temperature  of  the  DTG 
maxima,  the  DTA  maxima  and  the  specific  temperature  where  5,  50  and  90 
percent  of  the  original  sample  weight  were  lost,  the  nature  of  the  over¬ 
all  degradation  process,  and  the  a-ount  of  chair  remaining  at  ”i  point" 
and  at  lOOO’C,  are  compared  for  the  degradation  processes  which  were 
observed  under  each  condition  of  decomposition. 

3.  Pyrolysis  studies 

Pyrolysis  studies  of  the  PET  polymer  were  conducted  using  the 
pyroprobe  and  the  thermoanalyzer  to  simulate  fast  and  slow  heating 
rates,  respectively. 


Eight  maxima  were  observed  between  330  and  415°C. 
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Pyroprobe  (fast  heatirc)  studies.  Prelirriinary  experir-ents  were 
carried  out  using  the  direct  prcbe  attachrent  for  pyrolyzing  samples 
directly  into  the  GC  injection  port.  Samples  of  the  PET  polymer  were 
pyrolyzed  at  an  indicated  temperature  of  1000'’C;  however,  the  actual 
temperature  of  the  se*?le  in  the  pyroprobe  unit  is  not  well-defined- 
Samples  ranging  in  size  from  3.2  to  5.6  ng  were  used  during  direct 
probe  pyrolysis  experiments.  To  insure  complete  pyrolysis,  each  sample 
was  rapidly  heated  to  a  pre-selected  temperature  and  held  at  this  tem¬ 
perature  for  20  seconds. 

Figure  51  is  typical  of  the  chroratographs  obtained  using  a  16 
ft.  X  1/8  in.  O.D.  column  packed  with  Chronosorb  101  support  that  was 
temperature  prograrrr.ed  from  -10  to  260®C  at  a  heating  rate  of  10®C/min. 
Twenty  compounds,  which  were  separated,  identified  and  quantitated, 
are  listed  in  Table  49. 

The  recovered  low-boiling  volatiles,  listed  in  Table  49,  account¬ 
ed  for  35.5  percent  of  the  original  sample.  Approximately  57  percent 
of  the  weight  of  these  volatiles  was  accounted  for  by  the  levels  of 
carbon  monoxide  and  carbon  dioxide  present.  An  additional  13.6  per¬ 
cent  of  the  original  sample  weight  was  recovered  in  the  form  of  a  car¬ 
bonaceous  char.  Thus,  49.1  percent  of  the  original  sample  has  been 
accounted  for  as  degradation  products,  the  remaining  50.9  percent 
were  materials  which  did  not  elute  from  the  GC  column. 

Thermoanalyzer  (slow  heating)  studies.  Samples  of  PET  polymer 
were  pyrolyzed  in  a  helium  enviroament  using  the  thermoanalyzer  and 
procedures  outlined  in  Chapter  IV.  The  pyrolysis  temperature  was 
programmed  from  ambient  to  lOOO’C  at  the  rate  of  approximately 


volatiles  produced  during  the  pyrolysis  (fast  heating) 
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Table  49.  Low-Boiling  Volatiles  Produced  During  The  Pyrolysis 
(Fast  Keating)  Of  Polyethylene  Terephthalate" 


!  Compound 

Peak  K;^:i€r 
(flD)  .  _  ... 

Peak  Number 
(TCD) 

Quantity^ 

!  Carbon  monoxide 

1 

113.20 

Methane 

2  i  2 

7.54 

Carbon  dioxide 

■ 

3 

90.08 

Ethylene 

4  i 

4 

16.69  1 

Acetylene 

5 

5 

5.34 

Ethane 

6 

6 

0.49 

Water 

7 

5.10  ‘ 

Propene 

8 

8 

8.33 

Acetaldehyde 

9 

9 

43.17  ; 

1.3- Butadiene 

10 

10 

1  0.46  : 

;  Furan 

n 

11 

1  Trace  I 

j  Propanal 

12 

12 

.  3.68  i 

!  Acetic  acid 

13 

13 

0.92  1 

;  Benzene 

14 

14 

;  8.71  j 

1  Toluene 

15 

15 

2.44  ! 

}  Xylene 

16  i 

i  16 

0.52  1 

Styrene 

17  ; 

1  V 

.  1.56  1 

Acetophenone 

-  18  1 

1  18 

5.52 

Ethyl  benzoate 

19  i 

i  19 

15.88 

Benzoic  acid  i 

_ VI _ J 

i _ 20 _ 

25.01 

Total 

354.64 

^Direct  probe  pyrolysis  at  IDCC^C  for  20  seconds  using  3.2  mg-5.6 
mg  samples. 

^Average  of  four  experiments,  yilligrams  of  compound  per  gram  of 
sample  placed  in  the  pyrolysis  probe. 


100°C/nin.  A  sar.ple  size  of  50  mg  was  found  to  be  appropriate,  both 
for  the  identification  and  quantification  of  the  degradation  products. 
Six  pyrolysis  runs  were  conducted  under  identical  conditions.  In  all 
these  experiments,  trappings  of  the  effluents  was  begun  at  280°C, 
which  is  a  temperature  just  before  the  first  v/eight  loss  was  encoun¬ 
tered.  The  trapping  continued  for  a  five-minute  period  after  a 
temperature  of  lOGO'^C  was  attained  in  order  to  collect  materials  which 
might  have  remained  in  the  furnace  or  in  the  transfer  lines. 

The  aerosols,  particulates, and  residues  that  condensed  on  the 
glass  wool  trap  placed  between  the  furnace  and  the  cold  trap  were 
extracted  using  acetone  and  then  analyzed.  More  polar  solvents,  such 
as  dimethyl formamide  or  dimethyl  sulfoxide,  were  also  used  to  extract 
these  condensates.  The  residual  char  that  remained  in  the  crucible 
at  a  temperature  of  1000®C  was  analyzed  to  determine  its  elemental 
composition.  Details  of  these  analyses  are  presented  in  the  following 
subsections. 

Figure  52  represents  the  chromatographs  that  were  obtained  from 
the  pyrolysis  of  the  PET  polymer  at  lOOC'C  using  conditions  described 
previously.  A  16  ft.  x  1/8  in.  O.D.  stainless  steel  column  packed 
with  Chromosorb  101  porous  polymer  was  temperature  programmed  from 
-10  to  260®C  at  10“C/min.  to  obtain  this  degree  of  resolution.  More 
than  25  compounds  were  identified  from  these  studies  using  the  GC/MS 
techniques;  these  products  are  listed  in  Table  50.  The  peak  numbers 
in  Figure  52  and  the  trapping  efficiencies  and  the  response  factors 
used  in  the  calculation  of  the  Concentrations  are  included  in  this 
table  for  reference. 


ing  volatiles  produced  during  the  pyroTysi 
polyethylene  terephthalate  in  helium. 
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Table  50.  Low-Boiling  Volatiles  Produced  During  The  Pyrolysis 
(Slow  Heating)  Of  Polyethylene  Terephthalate'^ 


Compounds 

Peak  Numbers^ 

T.E.^ 

R.F.^ 

Quantity^ 

FID  TCD 

Carbon  monoxide 
Methane 

Carbon  dioxide 

Ethyl ene 

Acetyl ene 

Ethane 
!  Water 
j  Propene 

Methanol 
:  Acetaldehyde 
.  1,3-Butadiene 

1  Furan 
i  Propanal 
Cyclopentadiene 
Acetic  acid 

Benzene 
:  Toluene 

Xylene 

Styrene 

Phenol 

Benzal dehyde 

Indene 

Acetophenone 
.Ethyl  benzoate 
j  Benzoic  acid 
Naphthalene 
Biohenvl 

1 

1  2 

3 

2  4 

3  5 

4  6 

7 

5  8 

6  9 

7  10 

8  11 

9  12 

10  13 

1  11  14 

i  12  15 

I  13  16 

i  14  17 

!  15  18 

!  16  19 

i  17  20 

18  21 

19  22 

20  23 

21  24 

22  25 

23  26 

24  27 

0.00 
0.05 
0.97 
0.96 
0.96 
0.98 
0.82 
0.98 
0.75 
0.98 
0.97 
0.97* 
0.95 
0.95 
0.80  ! 
0.90 
0.95 
0.95 
0.95 
0.88 
0.85 
0.85* 
0.70 
0.70 
0.35 
0.50 
0.40* 

0.670 
0.450 
0.915 
0.585 
0.580 
0.590 
0.550. 
0.970^ 
0.580 
0.650 
0.674 
0.700* 
0.680 
0.674. 
4.1 67-' 
0.780 
0.794 
0.812 
0.800 
1.105 
0.617^ 
1.020" 
0.651 
0.980^ 
1.590-:^ 
1.050'' 
1.318 

94.00 

46.00 

82.30 

8.85  ! 

3.60 
Trace 
37.76 

5.60 
Trace 
67.01 

3.25 

0.33 

0.25 
Trace 
Trace 
!  23.36 

i  1.84 

!  0.49 

:  1.39 

j  0.93 

1  0.84 

Trace  ! 
8.62 
7.89 
12.31 
6.63 
4.21 

Total  _ _ _ 

417.46 

♦Estimated 

“Average  of  six  samples. 

^Corresponds  to  peak  numbers  in  Figure  52. 

“Relative  trapping  efficiencies. 

^Relative  response  factors  for  the  thermal  conductivity  detector. 

“Milligrams  of  compound  produced  per  gram  of  polymer  as  determined 
by  analytical  methods. 
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Jkt  compounds  listed  in  Table  50  constituted  41.7  percent  of  the 
origiiiral  sample  weight;  it  should  be  noted  that  97  percent  of  the 
integrated  6C  peak  areas  have  been  identified  and  quantitated  in  these 
exf^rfments. 

inte  carbon  monoxide  that  evolved  from  PET  polymer  under  the  condi¬ 
tions  cf  pyrolysis  in  a  helium  atmosphere  was  measured  by  IR  techni¬ 
ques-  The  CO  absorption  at  2160  cm"^  was  monitored  continuously  as 
the  tsnperature  of  the  sample  was  increased  at  a  rate  of  100°C/min. 
Carbon  monoxide  liberated  from  the  polymer  reached  a  maximum  value  of 
9.4  percent  of  the  total  sample  weight  at  445°C  and  stayed  at  the  same 
level  orrtil  1000®C.  Thus  the  value  of  94  mg  of  CO  per  gram  of  the 
origi:!!®!  polymer  has  been  added  to  Table  50  that  contains  a  sunmary  of 
voTatile  products  formed  during  the  pyrolysis  experiments. 

DBrfng  the  thermal  degradation  experiments  a  yellowish-white 
powtter  was  trapped  by  the  glass  wool  filter.  This  high-boiling 
volatile  fraction  was  determined  gravimetrical ly  to  account  for  40.4 
percent  of  the  original  sample  weight.  This  material  was  analyzed 
by  H  ard  HPLC  techniques  that  are  described  below. 

nSe  IR  spectrum  of  the  high-boiling  volatiles  obtained  from  a  KBr 
pellet  sample  is  shown  in  Figure  53.  This  spectrum  contained  charact¬ 
eristic  bands  similar  to  those  found  in  both  terephthalic  acid  (Figure 
54)  iiB  the  original  polymer  (Figure  46).  Two  carbonyl  absorption  bands 
can  be  observed  at  1690  cm"^  and  1720  cm‘\  which  correspond  to  car¬ 
bonyl  groups  of  terephthalic  acid  and  PET,  respectively.  When  the 
powtter  was  dissolved  in  acetone,  an  insoluble  fraction  remained.  This 
insolufele  fraction  was  found  to  be  almost  pure  terephthalic  acid  (as 
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verified  by  IR  and  MS  analysis).  Terephthalic  acid  accounted  for  11 
weight  percent  of  the  powder  residue.  The  soluble  fraction  was  evapo¬ 
rated  to  dryness  and  redissolved  in  cyclohexane.  The  white  powder 
which  remained  insoluble  in  cyclohexane  had  an  infrared  spectrum  simi¬ 
lar  in  nature  to  that  of  terephthalic  acid,  which  suggests  the  struc¬ 
ture  of: 


COOCH2CH2OOC 


CCOH 


where  n  *  1  or  2. 


The  cyclohexane  soluble  fraction  had  an  IR  spectrum  similar  to  that  of 
the  original  polymer.  The  material  was  assurred  to  be  comprised  of 
oligomers  of  varying  molecular  weights. 

The  high-boiling  volatiles  were  prepared  for  analysis  using  pro¬ 
cedures  described  in  Chapter  lY.  The  HPLC  chromatogram  of  the  h'  ^  - 
boiling  volatiles  produced  during  thermal  decomposition  of  PET  .s  shown 
in  Figure  55.  This  chromatogram  suggests  that  the  high-boiling  frac¬ 
tion  contains  more  than  13  compounds.  No  further  analysis  of  these 
eluting  compounds  was  undertaken  at  this  tirje. 

The  powder  residue  was  analyzed  for  carbon,  hydrogen  and  oxygen. 
These  results  are  presented  in  Table  51.  The  values  listed  in  Table 
51  approximate  the  theoretical  values  obtained  for  a  mixture  with  89 
percent  of  PET  and  11  percent  of  terephthalic  acid.  This  percentage 
agrees  with  the  results  that  have  been  presented  in  previous  sections. 

The  char  that  remained  in  the  platinum  crucible  after  the  PET 
polymer  was  exposed  to  1000®C  at  the  rate  of  100“C/min  accounted  for 
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13.8  percent  of  an  original  sample  weight.  This  char  was  analyzed  for 
carbon,  hydrogen, and  oxygen  content.  The  average  values  obtained  from 
three  determinations  are  listed  in  Table  52. 

Table  52.  Elemental  Composition  of  Solid  Residues  Produced  During 
Different  Stages  of  Pyrolysis  of  Polyethylene  Terephthal ate 


%  Weight  Loss 

Element 

Carbon 

Hydrogen 

Oxygen 

0% 

62.23 

4.03 

33.74 

45% 

68.43 

3.90 

27.67 

60% 

.A 

27.84 

86%  (residual  char)  yf 

3.96 

A  series  of  experimen 
char  formation.  The  t/ 
after  approximately  45  an;. 


f.e  progress  of  the 
were  quenched 
fs.  The  residual  char 


was  removed  from  the  thermoanaiyzri  -  .  vr.e  elemental  composition  was 
determined  using  the  previously  described  techniques. 

Materials  balance.  The  data  obtained  from  the  analysis  of  the 
low-boiling  volatile  products,  the  high-boiling  volatiles  and  the  char 
residue  was  used  to  obtain  a  mass  balance  for  carbon,  hydrogen  and 
oxygen  content  of  the  pyrolysis  products  at  1000°C.  The  results  from 
the  materials  balance  for  PET  are  presented  in  Table  53.  Of  the  ori¬ 
ginal  sample  41.8  percent  was  recovered  as  low-boiling  volatile  products 


13.8  percent  of  an  original  sample  weight.  This  char  was  analyzed  for 
carbon,  hydrogen, and  oxygen  content.  The  average  values  obtained  from 
three  determinations  are  listed  in  Table  52. 

Table  52.  Elemental  Composition  of  Solid  Residues  Produced  During 
Different  Stages  of  Pyrolysis  of  Polyethylene  Terephthal  ate 


«  Wpioht  Loss 

Element 

Carbon 

Hydrogen 

Oxygen 

0% 

62.23 

4.03 

33.74 

45% 

68.43 

3.90 

27.67 

60S 

68.29 

3.87 

27.84 

86%  (residual  char) 

95.33 

0.71 

3.96 

A  series  of  experiments  were  carried  out  to  follow  the  progress  of  the 
char  formation.  The  thermal  decomposition  reactions  were  quenched 
after  approximately  45  and  60  percent  weight  loss.  The  residual  char 
was  removed  from  the  thermoanalyzer  and  the  elemental  composition  was 
determined  using  the  previously  described  techniques. 

Materials  balance.  The  data  obtained  from  the  analysis  of  the 
low-boiling  volatile  products,  the  high-boiling  volatiles  and  the  char 
residue  was  used  to  obtain  a  mass  balance  for  carbon,  hydrogen  and 
oxygen  content  of  the  pyrolysis  products  at  1000°C.  The  results  from 
the  materials  balance  for  PET  are  presented  in  Table  53.  Of  the  ori¬ 
ginal  sample  41.8  percent  was  recovered  as  low-boiling  volatile  products 


Table  53.  Materials  Balance  -  Pyrolysis  (Slow  Heating)  Of 
Polyethylene  Terephthalate 


‘^Calculated  on  the  basis  of  IDCO  mg  of  the  original  PET  polj^r. 

^he  particulate  residue  is  a  rixture  of  terephthalic  acid  (11%) 
and  oligomers  (89--).  Elemental  composition  was  based  on  the 
elemental  analysis. 
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(Table  50)  and  the  40.7  percent  were  trapped  by  the  glass  wool  filter 
as  high-boiling  volatiles.  The  char  that  remained  in  the  platinum 
crucible  after  the  pyrolysis  accounted  for  13.8  percent  of  the  original 
sample.  The  total  amount  of  materials  recovered  accounted  for  96.3 

percent  of  the  original  sample  weight. 

The  elemental  composition  of  the  volatile  products  was  based  upon 
the  sum  of  the  carbon,  hydrogen, and  oxygen  content  of  the  individual 
products.  Thus,  the  materials  balance  accounted  for  93.4  percent  of 
the  carbon,  104.3  percent  of  the  hydrogen  and  101.1  percent  of  the 
oxygen  content  that  was  in  the  original  PET  sample. 

4.  Oxidative  degradation  (slow  heating)  studies 

Samples  of  PET  were  exposed  to  an  oxidative  (air)  environment  and 
heated  at  a  rate  of  lOO^C/min  from  ambient  to  a  final  temperature  of 
1000®C.  The  high-boiling  volatiles  and  char  residues  that  were  formed 
in  these  experiments  were  examined  by  IR  and  HS  techniques.  Unlike  the 
pyrolysis  conducted  in  the  helium  environment,  no  residual  char  was 
observed  in  the  crucible  of  the  thermoanalyzer  after  the  oxidative 
degradation  of  PET  samples.  These  results  are  discussed  in  the  follow¬ 
ing  sections. 

Analysis  of  the  low-boiling  volatiles.  The  trapping  system  that 
is  described  in  Chapter  IV  has  been  used  to  collect  the  volatile  pro¬ 
ducts  produced  during  the  oxidative  degradation  of  the  PET  polymer. 

Five  individual  trapping  experiments  were  performed  using  a  50  mg 
sample  size  for  each  experiment.  Several  additional  experiments  were 
conducted  using  a  20  mg  sample  size  to  quantitate  the  major  products 
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such  as  carbon  dioxide  and  water.  Product  separation  was  accomplish¬ 
ed  using  a  Chromosorb  101  column  (16  ft  long  x  1/8  in.  O.D.  stainless- 
steel  tubing).  The  quantitative  data  were  obtained  using  both  the  FID 
and  TC  traces,  as  shown  in  Figure  56.  Twenty-one  components  were  re¬ 
solved  and  positively  identified  by  prograinning  this  column  from  -10  to 
265®C  at  10°Cmin.  Table  54  lists  the  compounds  identified  and  the 
quantities  of  each  that  were  determined.  The  peak  number  for  each 
compound  in  this  table  refers  to  the  peak  number  in  Figure  56.  As 
shown  in  Table  54,  96.1  percent  of  the  original  sample  of  PET  polymer 
was  accountable  as  low- boiling  volatiles,  produced  during  the  oxida¬ 
tive  degradation  experiments.  It  should  be  noted  that  considerable 
interaction  takes  place  between  the  oxygen  in  the  surrounding  environ¬ 
ment  and  the  sample.  This  resulted  in  major  increases  in  the  concen¬ 
trations  of  carbon  monoxide,  carton  dioxide,and  water,  as  compared 
to  results  obtained  during  degradation  under  inert  pyrolysis  conditions. 
These  three  compounds  account  for  87  percent  of  the  low-boiling  vola¬ 
tile  products  in  Table  54.  Other  compounds  that  were  found  in  signi¬ 
ficant  quantities  were  methane,  ethylene,  acetaldehyde  and  benzoic 
acid.  These  four  compounds  account  for  8  percent  of  the  volatile  pro¬ 
ducts  identified  during  oxidation  decomposition.  Almost  all  of  the 
compounds  which  were  identified  during  this  oxidative  degradation  were 
observed  in  previous  pyrolysis  experiments. 

Analysis  of  the  high-boil  inn  volatiles.  During  the  time  that  the 
trapping  experiments  of  the  low-boiling  volatile  products  from  PET 
were  being  performed  with  the  thermoanalyzer,  a  yellow-white  powder 
condensed  on  the  glass  fiber  filter  in  the  trapping  line.  The 


Figure  56.  Low-boiling  volatiles  produced  during  the  thermal  oxidative  degradation 
(slow  heating)  of  the  polyethylene  terephthalate  polymer  in  air. 
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Table  54.  Low-Boiling  Volatiles  Produced  During  The  Oxidative 
Degradation  (Slow  Heating)  Of  Polyethylene  Terephthalate 

In  Air'* 


Compounds 

Peak  Numbers"' 

• 

UJ 

R.F."^ 

Quantity® 

FID 

TCD 

Carbon  monoxide 

1 

0.00 

0.670 

253.00 

Methane 

1 

2 

0.05 

0.450 

28.40 

Carbon  dioxide 

3 

0.97 

0.915 

431 .20 

■  Ethylene  i 

2 

4 

0.96 

0.585 

18.01 

!  Acetylene 

3 

5 

0.96  . 

0.580 

5.21 

i  Ethane 

4 

6 

0.98 

0.590 

Trace 

j  Water 

7 

0.82 

0.550  - 

155.00 

'  Propene 
:  Propyene 

5 

6 

0.98 

0.98 

0.970J. 

0.950-' 

3.59 

0.96 

!  Methanol 

7 

8 

0.75 

0.580 

1 .44 

,  Acetaldehyde  , 

8 

9 

0.98 

0.650 

1 5.35 

1  1 .3-Butadiene  ! 

9 

10 

0.97 

0.674  1 

Trace 

!  Allyl aldehyde 

10 

11 

0.98* 

0.640* 

4.75 

{  Benzene 

11 

12 

0.90 

0.780 

5.30 

;  Toluene 

12 

13 

0.95 

0.794 

1 . 53 

i  Xylene. 

13 

14 

0.95 

0.812 

0.80 

Styrene 

14 

15 

0.95 

0.800 

2.23 

Phenol 

15 

16 

0.88 

1.105 

7.08 

p-cresol 

16 

17 

0.80 

1.200 

Trace 

Acetophenone 

17 

18 

0.70 

0.651 

6.65 

Ethyl  benzoate 

18 

19 

0.70 

0.980  - 

3.11 

Benzoic  acid 

19 

20  . 

0.35 

1.590^ 

14.81 

Naphthalene 

21 

0.50 

1.050-^ 

2.15 

Total 

960.57 

♦Estimated 

'^Five  samples  -  50  mg. 

^Corresponds  to  peak  numbers  in  Figure  56. 

^Relative  trapping  efficiencies.  thermal  conductivity  detector. 

'^Relative  response  factors  for  the  thermal  conductivity  detector. 

^Milligrams  of  compound  per  gram  of  original  sample  as  determined 
by  analytical  methods. 

^Response  factors  from  the  flame  ionization  detector. 


condensate  accounted  for  30.7  percent  of  the  original  sample  weight. 
After  the  oxidative  degradation  experiment  the  furnace  and  the  trapping 
line  were  rinsed  with  a  variety  of  solvents;  however,  no  residue  was 
found  upon  the  evaporation  of  these  solvents.  The  residue  recovered 
from  the  glass  filter  was  analyzed  by  IR,  KS,  HPLC  and  elemental 
analysis  techniques. 

The  IR  spectrum  of  this  condensate  resembled  the  spectrum  obtain¬ 
ed  during  the  pyrolysis  of  PET  (see  Figure  46).  The  IR  spectrum  of 
the  sample  has  group  grequencies  typical  of  both  terephthalic  acid  and 
the  original  polymer.  Since  the  powder  was  assumed  to  be  a  mixture  of 
terephthalic  acid  and  oligomers  of  PET,  it  was  dissolved  in  acetone 
(a  poor  solvent  for  terephthalic  acid)  and  the  insoluble  white  powder 
was  filtrated.  Using  IR  and  KS  this  powder  was  found  to  be  almost 
pure  terephthalic  acid,  which  accounted  for  approximately  10  weight 
percent  of  the  high-boiling  volatile  fraction. 

The  fraction  soluble  in  acetone  was  examined  by  IR  and  HPLC  tech¬ 
niques.  The  IR  spectrum,  which  is  illustrated  in  Figure  57,  was  simi¬ 
lar  to  that  of  PET,  but  it  contained  a  strong  absorption  for  carboxyl i 
acid.  This  material  was  estimated  to  be  a  mixture  of  PET  oligomers 
having  both  ester  groups  and  carboxylic  terminal  groups. 

The  HPLC  techniques  described  previously  were  used  for  the  analy¬ 
sis  of  the  high-boiling  volatile  residues.  Terephthalic  acid  was  re¬ 
moved  from  the  sample  by  filtration,  evaporated  to  dryness  and  re¬ 
dissolved  in  THF.  The  HPLC  chromatogram  shown  in  Figure  58  contained 
more  tha  14  peaks  and  was  similar  to  that  obtained  during  the  pyrolysi 
study  (see  Figure  55). 


infrared  spectrum  of  the  polyethylene  terephthalate  oligomers 
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The  condensate  was  analyzed  for  cartxsn,  hydrogen, and  oxygen.  The 
results  obtained  are  summarized  in  Table  55,  along  with  the  elemental 
composition  of  the  residue  from  the  pyrolysis  in  helium.  Theoretical 
values  for  terephthalic  acid,  PET  and  the  rixture  of  terephthalic  acid 
(lOS)  and  PET  (90’0  are  also  presented  in  Table  55. 

It  was  concluded  that  the  composition  of  the  condensate  produced 
from  oxidative  degradation  was  similar  to  that  of  the  residue  resulting 
from  pyrolysis.  This  condensate  was  a  mixture  of  approximately  105^ 
terephthalic  acid  and  90%  oligomers  having  a  structure  similar  to  the 
initial  PET  polymer. 

Analysis  of  solid  residue.  During  the  thermal  decomposition 
studies  conducted  in  an  oxidative  environment,  no  char  remained  at  the 
final  temperature  of  1000°C.  However,  in  order  to  examine  the  compo¬ 
sitional  change  of  residual  compound,  the  decomposition  reactions  were 
quenched  at  weight  losses  of  50  percent  and  90  percent.  Elemental 
analysis  for  carbon  and  hydrogen  content  was  conducted  and  the  results 
are  presented  in  Table  56.  Only  slight  changes  in  the  concentrations 
of  carbon,  hydrogen  and  nitrogen  occurred  up  to  50  percent  weight  loss. 
This  can  be  attributed  to  the  elimination  of  carbon  monoxide,  carbon 
dioxide  and  certain  amounts  of  low  molecular  weight  oligomers  from 
PET  in  the  earlier  stage  of  the  oxidative  degradation.  The  residual 
char  at  50  percent  weight  loss  was  black  and  brittle. 

Materials  balance.  A  materials  balance  was  calculated  using  the 
results  of  the  analysis  of  the  low-boiling  and  high-boiling  volatiles. 
The  results  for  this  balance  for  PET,  shewn  in  Table  57,  indicate  that 
96.1  and  30.7  percent  of  the  original  sample  weight  were  attributed  to 
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Table  55.  Elemental  Composition  Of  High-Boiling  Volatiles 
Produced  During  The  Thermal  Decomposition  (Slow 
Heating)  Of  Polyethylene  Terephthalate 


I  Composition 

Carbon 

Hydrogen 

Oxygen 

High-Boiling  Volatiles 

Produced  During 

Oxidative  Degradation 

61.8 

_ 

4.0 

34.2  ! 

i 

- - — - 

!  High-Boiling  Volatiles 

Produced  During 

Pyrolysis 

1 

62.1 

! 

1 

i 

33.8 

j  Theoretical  Valve 

Polyethylene  Terephthalate 

f 

j  i 

1 

:  62.5 

> 

4.2 

i 

i 

33.3  1 

Theoretical  Valve 

Terephthalic  Acid 

1 

j 

57.8 

3.6 

38.6 

Theoretical  Mixture"^ 

61.9 

4.0 

34.1 

"Calculated  for  a  mixture  of  89%  PET  and  11%  terephthalic  acid. 


lASS^ 
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Table  56.  Elefiiental  Analysis  Gf  Polyethylene 
Terephthalate  Polymer  At  Several  Stages 
Of  Oxidative  Degradation  (Slow  Heating) 


%  Weight  loss  of 

Cemoosition 

the  original  sample 

Careen 

!  r/srogen  j 

Oxygen 

0%  (original  sample) 

62.2 

4.0  I 

33.7 

50%  ! 

67.2 

^  3.7  1 

29.1 

90% 

84.9 

i  3.4  j 

11.7 

Table  57.  Materials  Balance  -  Gxidative  Degradation 
(Slow  Heating)  Polyethylers  Terephthalate 


Weight  (tng)" 


. 

Total  i 

T 

Carbon 

Hydrogen  j 

1  Original  Polymer 

1  _  _ 

lCCO-0  - 

622.3 

40.3  1 

Materials  Recovered 

1268-D  1 

507.3 

45.1 

Low-Boiling  Volatiles 

^  ^  ^ 

317.8 

32.7 

High-Boiling  Volatiles 

307.4  1 

189.5 

12.4 

Solid-Residue  (char) 

■  2  1 

0 

0 

Percent  Polymer 
Accountable  in  Products  , 

i  j 

j  125.8  1 

81.5 

j  111.9 

"^Calculated  on  the  basis  of  1 000  mg  of  the  original  PET 
polymer. 
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the  low-boiling  and  high-boiling  volatiles,  respectively.  No  signifi¬ 
cant  amount  of  char  residue  was  found  during  this  phase  of  the  study. 

The  overall  material  balance  was  thus  126.8  percent  of  the  original 
sample  weight.  The  weight  gain  was  due  to  the  interaction  of  oxygen 
in  the  environment  with  the  sample  and  the  resulting  large  concentra¬ 
tions  of  carbon  dioxide  and  water. 

0.  Discussion 

The  principal  objective  of  this  study  was  to  determine  whether 
the  thermal  degradation  of  PET  polymer  was  similar  to  the  degradation 
processes  reported  in  the  literature  for  other  step-growth  polymers. 

A  second  objective  was  to  determine  the  inter-relationship  between  the 
basic  polymer  structure  and  its  resistance  to  thermal  oxidative  degra¬ 
dation.  To  accomplish  this  goal  the  low-boiling  volatiles,  high-boil¬ 
ing  volatiles,  and  char  residues  were  qualitatively  and  quantitatively 
determined. 

Pyrolysis  studies  of  the  PET  polymer  conducted  in  the  helium  envir¬ 
onment  proceeded  via  a  process  during  which  a  char,  representing  approx¬ 
imately  13  percent  of  the  original  polymer  weight,  was  formed.  The 
pyrolysis  of  this  step-growth  polymer  is  somewhat  different  than  that 
observed  during  the  studies  of  the  Nylon  6  polymer,  where  no  substantial 
char  formation  was  observed.  This  PET  char  contained  approximately 
95.3  percent  of  carbon. 

In  the  oxidative  environments, the  thermal  degradation  reaction 
was  bimodal,  indicating  the  char  sintering  phase  as  contrasted  to  the 
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relative  stability  of  char  structure  observed  during  the  degradation 
in  the  inert  environnent. 

Elemental  analysis  was  conducted  on  sa-?les  of  char  recovered  dur¬ 
ing  both  the  pyrolysis  and  oxidative  deco-.?osition  studies  at  a  stage 
where  approximately  90  percent  weight  loss  occurred.  The  char  obtained 
during  the  pyrolysis  experiments  was  stronger  in  physical  structure  than 
that  obtained  during  the  oxidative  studies.  Analysis  of  these  chars 
indicated  that  the  char  formed  under  inert  pyrolysis  conditions  had  a 
greater  carbon  content  and  lower  oxygen  content  that  was  observed  in 
char  recovered  from  oxidative  environments.  This  clearly  indicates 
the  role  of  oxygen  in  the  char  sintering  process. 

Tables  50  and  54  represent  a  summary  of  the  products  produced  during 
pyrolysis  and  oxidative  degradation  of  polyethylene  terephthal ate  poly¬ 
mer  at  1000°C.  Table  58  lists  the  major  compounds  found  in  both  environ¬ 
ments  and  Table  59  includes  the  compounds  that  were  present  in  less 
abundant  quantities. 

As  indicated  in  these  tables,  far  greater  concentrations  of  carbon 
monoxide,  carbon  dioxide,  and  water  were  formed  when  oxygen  was  present 
in  the  sample's  environment  during  thermal  decomposition.  However,  the 
composition  of  the  mixture  of  oligor.ers  and  terephthalic  acid  trapped 
by  the  glass  fiber  filter  was  not  affected  by  the  oxidative  reaction. 

The  types  and  concentrations  of  the  major  low-boiling  volatiles,  with 
the  exception  of  CO,  C02,and  H^O,  did  not  substantially  change. 

The  elemental  composition  of  the  solid  residue  sample  after  approx¬ 
imately  50  percent  weight  loss  in  the  oxidative  environment  was  similar 
to  that  produced  during  the  pyrolysis  process  after  approximately  the 


Table  58.  Major  Decomposition  Products  Produced  During 
The  Pyrolysis  And  Oxidative  Degradation  (Slow  Heating) 
Of  Polyethylene  Terephthalate 


Quantity^ 

In  Helium 

In  Air 

Carbon  monoxide 

94.00 

253.00 

Methane 

46.00 

28.40 

Carbon  dioxide 

82.30 

431 .20 

Water 

37.76 

155.00 

Acetaldehyde 

67.01 

15.35 

Benzene 

23.36 

5.30 

Benzoic  acid 

12.31  , 

j  14.81 

Terephthallc  acid 

44.84 

30.74 

Oligomers 

362.76 

276.66 

^Includes  both  volatile  products  and  solid  residues. 
^Hilligranis  of  compound  per  gram  of  sample. 
^Calculated  from  the  results  of  the  residue  analysis. 


Table  59.  Minor  Decomposition  Products  Produced  During  The 
Pyrolysis  And  Oxidative  Degradation  (Slow  Heating) Of 
Polyethylene  Terephthalate 


Quantity" 

In  Helium 

In  Air 

Ethylene 

8.85  i 

18.01 

Acetylene 

3.60  1 

5.21 

Ethane 

T  1 

T 

Propene 

5.60  i 

3.59 

Propyne 

0.96 

Methanol 

T 

1 .44 

1.3-Butadiene 

3.25 

T 

Allyl aldehyde 

- 

4.75 

Propanal 

0.25 

• 

Toluene 

1.84 

1 .53 

Xyl ene 

0.49 

0.80 

Styrene 

1.39 

2.23  j 

Phenol 

0.93 

7.08 

P«Cresol 

- 

T 

1  Acetophenone 

8.62 

6.65 

i  Ethyl  benzoate 

7.89 

3.11 

'  Naphthalene 

6.63 

2.15 

j  Biphenyl 

4.21 

• 

T  Trace 


Milligrams  of  compound  per  gram  of  sample. 
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same  weight  loss  (see  Tables  52  and  56).  T-.us,  with  all  the  results 
so  far.  it  may  be  concluded  that  the  basic  degradation  mechanism  during 
the  decomposition  of  PET  is  similar  in  both  inert  and  oxidative 
environments.  Figure  59  contains  a  proposed  mechanism  covering  the 
thermal  decomposition  pathways  which  may  be  active  during  the  degrada¬ 
tion  of  PET  polymers. 

The  pathway  I  was  proposed  by  Ritchie. This  pathway  assumes 
the  decomposition  process  can  successfully  explain  the  formation  of  the 
major  products  identified  during  the  pyrolysis  studies.  However,  Pro¬ 
cesses  II,  III  and  IV,  which  involve  a  horslytic  scission  of  C-C  bond, 
may  also  occur. 

Conwercial  PET  usually  contains  2-3  percent  of  diethylene  glycol 
component  in  the  polymer  structure.  The  eCher  linkage  in  this  component 
will  also  cleave  readily.  The  char  may  be  formed  by  the  recombination 
of  phenyl  radicals.  The  aromatic  polymer  chains  without  weak  aliphatic 
linkages  will  be  formed  first,  then  they  will  be  condensed  to  a  graph¬ 


ite-like  structure,  possibly  by  the  elimination  of  aromatic  hydrogens. 
The  thermal  stability  of  benzene  rings  aid  in  char- formation. 

The  presence  of  oxygen  promotes  chain  rupture  due  to  the  attack  by 
the  oxygen  radical  on  aliphatic  carbon  atcjrs  as  illustrated  below: 
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Figure  59.  Proposed  mechanism  for  the  thermal  decomposition  of 
polyethylene  terephthalate  polymers. 
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Oxygen  will  induce  the  decomposition  of  aromatic  groups  at  higher 
temperatures  and  thus  lead  to  oxidative  degradation  of  the  rigid  char 


structure. 


CHAPTER  VIII 


flame- RETARDAJ;T  NYLOM  6  PXYKER 

A.  Introduction 

Since  Nylons  are  one  of  the  n«st  ^xjpular  polyreric  material  used 
in  textile  fabrics,  an  intense  effort  has  been  conducted  to  improve 

their  flanwability  characteristics. 

The  most  unfavorable  feature  of  ?Jyicn  during  exposure  to  an  ig¬ 
nition  source  is  its  tendency  to  melt  and  drip.  Since  the  heat  gener¬ 
ated  during  combustion  is  enough  to  melt  the  polymer,  the  molten  poly¬ 
mer  will  retract  from  the  ignition  source  in  the  form  of  a  small  glo¬ 
bule.  When  tested  in  the  vertical  configuration,  the  cohesive  energy 
is  low  and  the  molten  Nylon  tends  to  drip. 

This  phenomena  often  permits  Nylon  fabrics  to  pass  flairoability 
tests,  such  as  the  Vertical  Flamability  Test  (AATCC  34-1966),  because 
burning  ceases  due  to  the  dripping  of  molten  polymer  which  carries 
the  flame  away.  However,  this  does  not  necessarily  mean  that  Nylon  is 
intrinsically  non-buming  or  fire-resistant.  For  example,  molded 
articles  made  of  Nylon  cannot  be  graded  as  self-extinguishing  in  many 
small-scale  tests.  Dyestuffs  and  other  additives  such  as  chrome  dyes, 
coatings  and  the  melamine  resins  used  to  obtain  stiff  Nylon  nets  con¬ 
siderably  increase  the  polymer's  flammability  characteristics,  because 
they  can  strengthen  the  fabric  and  support  the  burning  material,  there 
by  ensuring  continued  flame  propagation. Nylons  blended  with 


non-melting  fibers,  such  as  cotton,  rayon  and  wool,  will  also  burn 
rapidly.  Kruse^^*^^^  termed  this  the  "scaffolding  effect"  in  which 
the  non-melting  fiber  forms  a  carbonaceous  grid  under  combustion, 
which  holds  the  molten  droplet  in  place,  much  as  a  wick  holds  the 
fuel  in  place  when  a  candle  is  burned  in  a  wick  downward  attitude. 

Moreover,  the  molten  droplets  which  are  usually  carried  away 
with  flame  during  the  combustion  of  thennoplastic  polymer,  can  often 
be  a  source  of  danger  causing  severe  skin  burns.  Examination  of  "real 
fires"  shows  that  thermoplastic  materials,  such  as  Nylon,  used,  for 
example,  as  curtains  or  drapes  often  propagate  fire  by  dripping 
flaming  polymer  onto  flammable  materials,  such  as  carpets. 

Nylon  is  generally  less  flammable  than  polyethylene,  polyoxymeth- 
ylene,  polymethyl  methacrylate,  and  polystyrene  and  more  flammable  than 
polycarbonate,  polyvinyl  chloride,  and  polyvinyl idene  chloride. 

B.  Methods  to  Improve  the  Fire-Retardancy  of  Nylon  Polymers 

There  have  been  numerous  patents  and  reports  published  pertaining 
to  fire-retarded  Nylons.  Most  of  these  publications  were  directed 
toward  applications  for  Nylon  fabrics. 

As  usual,  there  are  three  basic  approaches  to  render  Nylon  poly¬ 
mers  flame  retardant: 

(1)  finishing  of  materials  with  reactive  or  non-reactive  fire 
retardants , 

(2)  the  incorporation  of  fire-retarding  additives  into  the 
polymer,  and 

(3)  the  development  of  intrinsically  flame- retardant  Nylorts. 

The  fire  retardants  for  Nylon  can  be  divided  into  several  main 
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classes:  halogen-containing  compositions,  organophosphcrus  fire  re¬ 
tardants,  nitrogen-based  compounds,  and  miscellaneous  fire  retardants 
such  as  resins,  polymers  based  on  tin  or  silicone,  and  inorganic 
compounds. 

The  successful  examples  of  imparting  an  improved  degree  of  safety 
have  been  mostly  achieved  with  the  application  of  fire-retardant  by 
the  after-treatment  of  textile,  since  it  is  most  convenient  and  less 
expensive.  However,  most  of  the  treatments  have  the  disadvantage  of 
adversely  affecting  the  durability  and  the  hand  of  the  products.  Some 
attempts  have  been  made  to  use  reactive  fire-retardants  in  Nylon  poly¬ 
mers,  but  only  a  few  successful  cases  have  been  reported. 

Halogen  compounds  combined  with  Sb202  are  generally  used  for  after- 
treatment  of  Nylons-  Polyvinyl  chloride,  chlorinated  paraffins  and 
urea  resins  are  often  used  for  coating  or  binder  of  fire-retardants. 

Some  organophosphorus  fire-retardants  can  also  be  used;  a  typical 
example  is  tetrakis  (hydroxymethyl)  phosphonium  chloride  (THPC). 

The  incorporation  of  fire-retardants  by  blending  into  the  polymer 
is  an  alternative  method  for  improved  fire  retardancy  with  less 
problems  encountered  in  such  areas  as  hand,  appearance,  change  and 
fastness  to  washing.  This  method  is  particularly  useful  for  molded 
articles,  since  finishing  or  treatment  cannot  apply  effective  amounts 
of  fire  retardants  to  molded  materials  which  have  smaller  surface 
area  than  fabrics- 

This  approach,  however,  also  has  several  serious  drawbacks.  Poly¬ 
amides  are  generally  fabricated  at  temperatures  ranging  from  200°  to 
280°C.  Only  a  few  fire  retardants  are  sufficiently  thermostable  to  be 
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exposed  to  those  temperatures  without  urdercoirg  deco^oosition. 

The  carbonamide  linkages  in  Nylons  are  considerably  rore  reac¬ 
tive  than  many  other  polymer  linkages,  particularly  at  the  high  pro¬ 
cessing  temperatures.  Reactions  beueen  the  polymer  and  potential 
flame  retardants  frequently  occur,  leaoir.g  to  polymer  degradation. 
Phosphorus-containing  fire  retardants,  especially  phosphate  esters, 
react  at  elevated  temperatures  with  polyamrides  and  cause  a  partial 
degradation  or  gellation  of  the  polymer.  Even  traces  of  the  decompo¬ 
sition  products  rapidly  degrade  the  polymer  and  render  it  unsuitable 
for  most  applications. 

Almost  all  fire  retardants  are  effective  only  at  rather  large 
additive  levels.  This  high  amount  of  additive  (up  to  30")  impairs 
the  polymer  crystallinity,  which  is  necessary  for  fiber  fabrication. 
Therefore,  many  flame- retarded  polyamide  resins  are  useful  only  for 
moldings. 

From  the  standpoint  of  chemistry,  basically,  two  kinds  of  fire- 
retardants  are  blended  with  Nylons:  helcgen-containing  systems  with 
and  without  synergistic  materials,  such  as  antimony  trioxide  (Sb^O^^ 
organophosphorus  compounds,  mainly,  low-molecular-weight  polymers. 
Typically,  polyhalogenated  aromatic  arcounds  are  used  with  Sb202,  and 
low-molecular-weight  polyphosphorates  are  used  to  impart  flame 
retardancy  to  Nylons. 

So  far,  no  successful  example  of  incorporating  fire  retardants 
into  the  polymer  structure  by  copolymerization  has  been  reported. 

Such  copolymers,  if  produced,  would  require  fundamental  changes  in 
polymerization  process  and  in  manufacturing  facilities.  Several  flame 
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resistant  fabrics  have  been  developed  based  on  aroratic  polyamide 
precursors.  These  fabrics  are  presently  too  expensive  to  permit 
individual  commercial  utilization  as  commodity  products. 

C.  Experimental  Studies 

1.  Flame  retardant  Nvlon  6  containing  Dechlorane  Plus  515 

Introduction.  Since  there  are  limitations  to  the  after-treatment 
of  fabrics  to  impart  fire  retardancy,  only  a  few  fire  retardants  could 
meet  the  strict  specifications  outlined  below: 

1.  The  fire  retardant  must  be  thermally  stable  in  the  molten 
Nylon  6  polymer  at  elevated  ter;peratures  ranging  from 
200“  to  225°C. 

2.  The  fire  retardant  must  not  discolor  the  polymer,  cause 
gellation,  nor  affect  polymer  viscosity. 

3.  The  fire  retardant  must  be  dispersed  homogeneously  in  the 
polymer,  or  be  dissolved  into  polymer  without  any  destruc¬ 
tion  of  basic  polymer's  properties. 

4.  The  fire  retardant  should  not  elute  during  processing 
and  actual  use  of  the  fabric. 

5.  The  fire  retardant  should  not  induce  a  toxic  reaction 
during  use  nor  produce  skin  irritation. 

After  many  experiments,  Dechlorane  Plus  515  was  found  to  meet  the 
specifications  established  for  fire  retardants.  Dechlorane  Plus  515 
is  a  product  of  Hooker  Chemical  Company  and  one  of  their  Dechlorane 
series  of  fire- retardants.  The  result  of  analysis  and  chemical  struc¬ 
ture  of  this  compound  is  reported  in  the  following  section. 

Dechlorane  Plus  515  does  not  dissolve  in  the  polymer  but  can  be 
mixed  homogeneously  without  degrading  the  viscosity  and  the  color  of 
Nylon  6.  The  mixture  can  be  molded  easily  without  much  problem. 
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The  disadvantage  was  that  the  dispersed  small  particles  of  Dechlorane 
Plus  515  affected  the  crystallinity  of  Nylon  6  polymer  and  impaired 
its  flexibility.  Such  dispersion  systems  cannot  be  used  during  fiber 
processing  due  to  its  particular  size,  compared  to  the  diameter  of 
fibers.  Despite  several  limitations,  this  fire  retardant  has  been 
used  to  produce  fire-retardant  Nylon  polymers. 

Processing  of  samples.  Pure  Nylon  6  chips  were  dried  in  a  vacuum 
oven  at  110°C  for  24  hours  to  prevent  hydrolysis  and  bubbling  during 
fabrication  at  high  temperatures.  Dechlorane  Plus  515  was  used  as  re¬ 
ceived.  Its  particle  size  was  5-15  y,  according  to  the  manufacturer's 
catalog.  Antimony  trioxide  (Sb203),  a  catalytic  grade,  was  used  as  a 
co-fire  retardant.  Its  average  particle  size  was  1-2  y. 

Nylon  6  chips,  Dechlorane  and  Sb203  were  mixed  in  a  polyethylene 
bag  by  shaking  and  the  mixture  was  loaded  on  a  two-axis  extruder  in  or¬ 
der  to  produce  homogeneously  mixed  chips  for  fabrication.  The  ratios 
of  components  used  in  these  experiments  are  listed  in  Table  60.  The 
amount  of  Dechlorane  Plus  515  was  varied  from  10  PHR{ parts  per  hundred 
resins)  to  50  PHR,  and  the  ratio  of  Dechlorane  Plus  515  and  Sb203  based 
on  PHR  was  also  changed  to  three  levels:  4,3,  and  2.  A  total  of  13 
different  grades  of  Fr-Nylon  chips  were  produced.  The  heater  of  the 
two  axis  extruder  was  set  to  255°C  and  the  temperature  of  the  Nylon 
polymer  melt  was  maintained  at  237  +  2°C.  Nitrogen  gas  was  passed 
through  the  extruder  to  prevent  thermal  degradation  of  the  polymer. 

The  mixture  of  Nylon  and  fire  retardants  was  extruded  in  the  form  of 
strands  which  were  cooled  in  a  water  bath  and  cut  into  chips  by  a 
rotary  cutter. 
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Table  60.  Composition  Of  Fire-Retarded  Nylon  6  Polymers 


1 

Sample 

Lot 

Number 

Dechlo- 

rane 

PHR^- 

Sb,0,  ! 

2  3  j 

PHR^  ! 

( 

1 

i  1 

10 

2.5  I 

I 

2 

10 

3.3  j 

3 

10 

5.0  j 

4 

20  ' 

5.0  1 

5 

20 

6.7  * 

i 

6 

20 

10.0  i 

i 

i  7 

i 

30 

;  7.5  1 

i  8 

30 

i  i 

ilO.O  1 

I 

i  9 

30 

cn 

• 

o 

10 

40 

IlO.O 

i 

11 

40 

13.13 

12 

40 

20.0 

13 

16.7 

rane/ 

’^2°3 


I  rane'^  I  Wt. 

!  Wt.  % 


Sb^Oj- 


B.70 


Total, 

Wt. 

Additives 


5.78 

2.22 

11.11  j 

5.73 

2.94  • 

11.76  1 

1 

5.66 

4.35 

13.05  ! 

10.40 

4.00 

: 

20.00  ; 

10.27 

' 

5.27 

21.06  1 

10.00 

7.69  ' 

23.07  1 

j 

14.19 

5.45 

i 

27.27  i 

13.93 

7.U  i 

28.57  1 

13.45 

! 

;10.34  i 

1  1 

31.03  1 

17.34 

!  -  _  1 

6.67 

33.34  ! 

16.96 

1 

8.69  i 

34.78  I 

16.25 

i 

12.50  ; 

1 

37.50  j 

19.50 

ilO.OO 

1 

40.00  1 

1 

^arts  per  hundred  resins. 

^Wt:  %  is  calculated  on  the  basis  of  total  composites. 
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Sample  specimens  for  use  in  the  evaluation  of  the  flammability 
characteristics  of  the  fire-retardant  polymers  were  produced  by  molding. 

The  FR-Nylon  strand  chips  were  dried  in  a  vacuum  oven  for  4  hours 
before  molding.  The  chips  were  loaded  to  an  injection  molding  machine 
which  was  equipped  with  two  dies.  One  die  is  of  a  size  1/4  x  1/4  x  5 
in.  which  was  used  to  produce  specimens  for  the  Limited  Oxygen  Index 
(LOI)  test.  Test  pieces  with  a  size  of  1/2  x  5  x  1/16  in.  were  pro¬ 
duced  from  another  die;  these  samples  were  used  for  Underwriters  Labor¬ 
atory  (UL)  Test,  Subject  94,  a  vertical  flame  test.  The  temperature 
of  the  cylinder  of  the  injection  molding  machine  was  set  to  250°C.  A 
silicone  mold  release  agent  was  used  where  necessary. 


2.  Analysis  of  fire  retardants 


According  to  the  manufacturer's  information,  Dechlorane  Plus  515 
(hereafter  referred  to  as  D-515)  is  a  low  volatile  organic  chlorinated 
compound,  having  a  chlorine  content  of  65.1  percent.  This  fire  retar¬ 
dant  is  insoluble  in  water  and  slightly  soluble  in  organic  solvents, 
such  as  methanol,  benzene,  and  methyethyl ketone.  This  fire  retardant 
is  recommended  to  be  used  with  Sb202  3t  a  ratio  of  D-515/Sb202  =  2 
on  weight  basis.  No  other  information  was  available  and  it  was 
generally  believed  to  have  a  structure  of 


Cl  gi 

^  Cl  Cl 


^^10^^12^ 


Declorane  Plus  515 


I  irti 


mut^y 
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From  chenical  analyses  conducted  on  this  fire  retardant,  includ¬ 
ing  elemental  analysis  and  the  mass-spectrocetry  studies,  as  well  as 

(341 

from  information  available  in  the  literature,'  the  structure  of 
this  compound  was  found  to  be  1,  2,  3,  4,  7,  8,  9,  10,  13,  13,  14,  14-- 
dodecachloro— 1.4,  4a,  5,  6,  6a,  7,  10,  10a,  11,  12,  12a~dodecahydro— 
1.4;  7.10— dimethanobenzo  (a  e)  cyclooctane. 

Cl  a 


Cl 

Cl 


8^1 2^^  12^ 


The  result  of  elemental  analysis  on  the  sample  as  tested  in  listed  in 
Table  61.  The  data  shows  an  excellent  agreement  with  the  theoretical 
values.  The  mass  spectra  of  this  compound  had  a  molecular  peak  at 
n/e  »  648  and  the  fragmentation  pattern  of  n/2  =  648-672  agreed  com¬ 
pletely  with  the  calculated  peak  ratio  for  a  C1^2  compound. 

A  series  of  dechlorane  compounds  were  analyzed  using  these  same 
techniques  and  their  chemical  structures  were  identified.  These  struc 
tures  are  listed  in  Table  62  for  reference- 


3,  Characteristics  of  flame- retarded  nylon  6  pol:r-er 

Limited  oxygen  index  (LOI)  (AST!^  02853)  test.  As  was  illustrated 
previously,  the  Limiting  Oxygen  Index  (LOI)  is  the  miniraan  concentra¬ 
tion  of  oxygen  required  to  just  sustain  ignition  and  combustion  of  a 
test  material.  It  should  be  noted  that,  although  the  test  results  ob¬ 
tained  using  the  LOI  procedure  are  very  reproducible,  this  test  does 
not  measure  the  actual  burning  rate  of  a  polymer. 


Table  62-  Chenical  Structures  Of  Dechlorane  Series  Fire  Retardants 


Dechlorane  602 


ICI 


12 


Cl:  69.3% 
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Samples  of  FR-Nylon  6  used  for  the  LOI  test  were  rods  with  a 
size  of  1/4  X  1/8  X  5  in.,  which  were  formed  by  injection  molding. 

The  results  of  LOI  tests  conducted  on  14  FR-Nylon  polymers  which  have 
different  amounts  of  D-515  and  $5203  are  summarized  in  Table  63. 

Figures  60,  61  and  62  are  LOI  values  plotted  against  total  weight 
percent  of  fire  retardants,  including  Dechlorane  and  $5203,  the 
amount  of  Dechlorane  and  the  amojnt  of  Sb203.  Analysis  of  these 
figures  leads  to  the  following  conclusions: 

1  There  is  an  almost  linear  relationship  between  LOI  and  the 
amount  of  fire  retardants  utilized,  although  the  effect 
of  fire  retardants  is  rather  small  when  the  weignt  of 
fire  retardant  is  less  than  10  percent. 

2.  The  optimum  ratio  of  Dechlorane  to  Sb203  is  3;  further 
addition  of  Sb203  does  not  improve  the  flame  retardancy 
of  the  polymer. 

3.  Dripping  of  Nylon  resin  was  observed  during  burning  of 
samples  No.  0  through  6.  Samples  No.  4  througn  6  formed 
char  layers,  although  slight  dripping  was  observed. 

Complete  char  formation  was  attained  in  sa.oies  No.  7 
through  13,  which  burned  sustaining  their  opgmal  rod 
form.  The  char  layers  formed  on  these  samples  prevented 
flame-propagation  to  the  lower  portion  of  the  test 
specimens. 

From  the  results  obtained  in  this  series  of  experiments,  one  can 
conclude  that  the  more  resistant  FR-Nylon  polymers  require  at  least  30 
PHR  of  the  Dechlorane  retardant  plus  the  addition  of  Sb203.  These  for 
mulations  did  not  exhibit  dripping  and  had  a  minimum  LOI  value  of  30. 

UL  Subject  94  vertical  flame  test.  The  UL  Subject  94  vertical 
flame  test  is  a  small-scale  flame  test  developed  by  Underwriters 
Laboratory.  Both  vertical  and  horizontal  tests  are  contained  in  this 
subject.  In  our  experiments  the  vertical  test,  the  test  for  self¬ 
extinguishing  materials,"  was  used  for  the  evaluation  of  FR-Nylon 
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Figure  60. 


Effect  of  Dechlorane  and  56203  on 


LOI  of  Nylon  6  polymer 


Figure  61.  Effect  of  Dechlorane  on  LOI  on  Nylon  6  polymer 
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species,  since  the  vertical  test  is  i^uch  rore  severe  than  the  horizon¬ 
tal  one.  It  should  be  noted  that  this  test  procedure  is  used  to  ob¬ 
tain  a  laboratory  comparison  only,  these  results  nay  not  correlate  to 

the  materials  in  service  perfonnance  in  a  fire. 

r-’olded  plates  with  a  size  of  5  x  1/2  x  1/8  in.  were  used,  ihe 
specimens  were  dried  in  an  air  oven  at  70»C  for  168  hours  and  then  held 
in  a  dessicator  for  4  hours  at  room  temperature.  The  UL-94  testing 

.  apparatus  is  illustrated  in  Figure  63. 

The  specimen  is  held  by  a  clamp  with  12-in.  distance  from  its 
bottom  end  to  ground,  where  a  piece  of  cotton  was  placed.  A  Bunsen 
burner  with  I.E.  of  3/8"  is  used  as  the  flame  source.  A  blue  flam.e 
was  controlled  to  3/4"  length  and  3/8"  of  the  flame  was  placed  in  con¬ 
tact  with  the  bottom  edge  of  the  sample  for  10  seconds.  Then  the 
burner  was  removed  quickly  and  the  time  of  the  flaming  combustion  was 
measured.  Immediately  after  the  flaming  was  extinguished,  the  burner 
was  put  to  the  bottom  end  of  the  sample  again  for  10  seconds,  and  the 
time  for  the  flaming  and  the  glowing  of  the  sample  was  measured.  A 
wad  of  cotton  placed  beneath  the  test  specimen  was  used  for  the  meas¬ 
urement  of  fire  spread  by  dripping  (of  flaming  droplets). 

Samples  tested  using  the  UL-94  test  are  usually  classified  into 
four  grades  in  the  order  of  the  increasing  fire  retardancy:  94  KB 
<94  V-2  <  94  V-1  <  94  V-0.  The  designation  half-burning  (HB)  is 
applied  to  those  materials  which  can  pass  UL-94  horizontal  test,  but 
cannot  pass  the  vertical  test  due  to  a  rapid  flame  propagation  rate 
leading  to  complete  combustion  of  the  sample.  The  criteria  of  grading 
6f  UL-94  vertical  test  is  sumarized  in  Table  64.  The  results 
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obtained  from  testing  each  of  the  fire-retarded  Nylon  polymers  are 
suxarized  in  Table  65.  A  level  of  30  PHR  of  the  Dechlorane  fire 
retardant  and  10  PHR  of  the  co-fire-retardant  Sb203  were  required  to 
achieve  a  rating  of  V-0.  The  atomic  ratio  of  chlorine  to  antimony 
was  15:3. 

4,  Thermal  analysis  of  flame- retardant  Nylon  6  poV/rer 

Effect  of  fire  retardants  on  polymer  decomposition.  Samples  of 
R-Nylon  were  evaluated  using  the  thermoanalyzer.  The  dried  FR-Nylon 
chips  were  heated  at  1.0°C/min  rate  from  ambient  to  lOOO’C  in  air. 

Figures  64,  65  and  66  contain  the  data  that  summarize  the  sample  weight 
loss  characteristics  of  FR-Nylons  with  different  levels  of  fire  retar¬ 
dants. 

Samples  of  the  Nylon  polymers  exhibited  an  initial  loss  of  weight 
at  lower  temperatures  as  the  concentration  of  fire  retardants  was 
increased. 

The  amount  of  char  residues  increased  with  the  increased  incorpor¬ 
ation  of  fire  retardants.  Although  the  char  residues  contained  a 
considerable  portion  of  the  SbgO^  incorporated  into  the  polymer  the 
char- formation  effect  induced  by  this  fire-retardant  system  was  evident. 

Dechlorane,  SbgO^  and  the  mixture  of  Dechlorane  and  26203,  were 
exa-mined  by  thermal  analysis  in  air  at  a  heating  rate  of  lO^C/min. 

These  results  are  summarized  in  Figures  6  and  68.  Dechlorane  started 
to  lose  weight  at  255°C  and  it  was  totally  consumed  by  435'’C,  while 
there  was  not  much  weight  loss  shown  by  the  Sb203  up  to  900°C.  The 
TGA  trace  of  the  mixture  of  Dechlorane  and  26203  is  not  the 


50  500  600  700  800 
TEMPERATURE  (‘O 

‘0  rctardiints  upon  the  weight  loss  of  Nylon  6  polymers 
air  at  a  heating  rate  of  10"C/inln. 


TEMPERATURE  (*C) 

re  retardants  upon  the  weight  ‘loss  of  Nylon  6  polymers 


TEMPERATURE  (®C) 

re  retardants  upon  the  weight  loss  of  Nylon  6  polyntcrs 


TEMPERATURE 

traces  for  Dechlorane  515  and  Sb,' 


100 


Figure  6B. 


265 


superirposition  of  two  traces  from  individual  components. 

Effect  of  environment  on  the  thermal  degradation  of  Nylon  6 
D0l.;.:;ers.  Figures  69,  70  and  71  illustrate  the  TGA  thermograms  of 
several  FR-Nylons  obtained  in  air  and  helium  environments  at  a  heat¬ 
ing  rate  of  10®C/min.  No  weight  loss  occurred  under  300°C;  a  rapid 
weight  loss  was  observed  to  occur  at  approximately  320’C.  Char  for¬ 
mation  did  not  occur  during  the  inert  thermal  degradation;  a  slight 
amount  of  residue  was  observed  above  500°C.  This  study  suggests  that 
the  mode  of  the  degradation  of  FR-Nylons  is  rather  similar  to  that 
of  the  non-fire- retarded  Nylon.  The  weight  loss  at  low  temperatures 
can  be  attributed  to  the  loss  of  the  Dechlorane  fire  retardant. 

5.  Analysis  of  low-boiling  volatile  products 

Samples  of  FR-Nylon  6  polymers  were  exposed  to  an  oxidative  air 
environment  and  heated  at  a  rate  of  100°C/min  from  ambient  to  a  final 
temperature  of  1000®C.  The  volatile  products  from  the  oxidative  de¬ 
gradation  were  collected  using  the  trapping  system  that  was  described 
previously  in  Chapter  IV.  The  experiments  were  performed  with  a  50  mg 
sample  size  for  characterization  and  quantitation.  Product  separation 
was  accomplished  using  Chromosorb  101  column  packing  in  16  ft.  x  4  mm 
0.0.  stainless-steel  tubing  which  was  temperature  programed  -10  to 
265%  at  10°C/min.  Each  experiment  was  conducted  in  duplicate;  the 
quantitative  data  were  obtained  using  both  TCD  and  FID  detectors. 

Five  samples  with  lot  numbers  2,  5,  8,  10  and  11  (see  Table  60 
for  composition)  were  analyzed.  More  than  35  volatile  components  were 
resolved,  32  compounds  of  which  were  identified.  Typical  chromatograms 
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obtained  in  this  study  are  shown  in  Figure  72.  the  dotted  lines  il¬ 
lustrate  peaks  which  are  hidden  by  the  large  peak  frc^.  water.  Table 
66  contains  a  surmary  of  the  low-boiling  volatile  products  obtained 
during  the  oxidative  degradation  of  the  Nylon  polymers. 

An  attenpt  was  made  to  isolate  hydrogen  chloride  fro-  the  #«.a 
tile  compounds,  since  no  chlorine-containing  compound  was  found  in 
the  volatile  products.  The  exhaust  gas  from  the  therrioanalyzer  fur¬ 
nace.  containing  the  degradation  products,  was  introduced  directly 
to  an  aqueous  solution  of  silver  nitrate  so  that  hydrogen  chloride 
might  be  trapped  as  silver  chloride;  however,  no  precipitation  of 

silver  chloride  was  obtained  in  these  experiments. 

An  analysis  of  the  results  of  this  series  of  experiments  led  to 


the  following  conclusions: 

1  The  nature  and  concentration  of  the  volatile  prcducts^^ 
produced  during  the  oxidative  degradation  of 
change  substantially  with  the  addition  of  fire  re; 

2.  The  quantity  of  organic  volatiles  decreased  with  the  in¬ 
creased  addition  of  fire  retardants. 

•  3.  Hydrogen  chloride  was  not  found  during  polymer  degradation. 

4  No  organic  volatiles  containing  chlorine  were  isolated  and 
identified  utilizing  the  trapping  techniques 

The  results  of  these  studies  confirm  the  earlier  studies  of 


Reardon  5b  These  investigators  pyrolyzed  Nylon  6  polymzrs 

which  contained  organobromine  compounds,  such  as  hexabromcoipr.enyl 
and  dodecabromopentacyclodecane  and  reported  the  pyrolysis  products 


not  altered  by  the  incorporation  of  fire  retardants.  Hooe»er 
theU  studies  do  not  necessarily  imply  the  ineffectiveness  of  the 
halogen  components  as  fire-retardants,  as  was  claimed  by  P.eardon. 
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Table  66.  Low-Boiling  Volatiles  Produced  During  The  Oxidative 
Degradation  (Slow  Heating)  Of  Non-Fire  Retarded  And 
Fire-Retarded  Nylon  6  Polymers 


Low- Boiling 
Volatiles 


Quantity* 


Peak 

Nursed 


'  Hon-Pine  . 
;  Retarded 
®cT>e?er 


F1re-=etarcr(2 


*5 

_ •! _ 1 

*S0  ! 

370  i 

.. 

71.0  i 

45.8 

49.0  1 

44.3  1 

493  1490 

423  1  399  » 

3.30  1 

3.97 

3.05  1 

2.81 

12.50  ■ 

10.34 

11.02  i 

9.37  { 

T  i 

T 

C.73  ' 

•T  . 

1  2.32  , 

1.97 

1.55 1 

1.47  1 

1  -  ' 

-•  1 

t 

!367 

360 

310 

272 

;  12.10  . 

12.53 

11.21  : 

8-31  ! 

9.23 

10.22 

1C. 31  ' 

6. Cl 

0.63 

c.sa 

0.41  j 

C.30  ; 

’  3.06  ■ 

1.63 

i.n 

o.s:  1 

1 

1.01 

0.70  1 

0.66  : 

4.45  ; 

4.32 

2.33 

2.45  I 

0,21  ‘ 

T 

0.10 

C.13  : 

;  2.03 

— 

5 

11.49 

6.93 

2.94 

4.28  • 

16.75  ; 

9.35 

4.53 

4.30  . 

.  T 

T 

T 

— 

;  1,04 

0.29 

0.41 

0.35  : 

i  1.24 

1.69 

0.53 

C.41  i 

.  1.27  ! 

0.71 

0.24 

T 

i  3.34  ; 

1.52 

n  e-s 

1 

0.34 

:  0.25  1 

1.07 

f 

0,32  1 

0,21 

1  o.n 

T  j 

1  T  i 

T 

T 

‘  T 

i  2.54  ! 

1  2-35 

i  T.52 

1.36 

0.89  i 

1.10 

1  0.56 

1  0.75 

— 

1  -- 

7.57 

6.12 

4.00 

3.92 

•• 

•• 

-- 

1.63 

1.24 

1.00 

0.52  . 

T 

0.24 

T 

T 

T 

T 

T 

Carbon  fonoxide 
Nietnane 

Carbon  dioxide 
Nitrous  oxide 
Ethyl ene 
Acetyl  ene 
Ethane 
Cyanogen 
water 
Propene 

Hydrogen  cyanide 
Methanol 
Accloaldehyde 
I  Butene 
1,3-BuUdlene 
I  Ethanol 
I  I-Pentene  ' 

1  Acetonitrile 
Prooenenitrlle 
Nitronethane 
Propanenitrile 
Metacrylonitrlle 
S-Butenenitrlle 
Benzene 
Butanenitrlle 
Pyrrole 
Pentanenitrlle 
Toluene 
Cyclopenunone 
Xylene 

Capronitrlle 

Styrene 

Hexenenltrile 

Phenol 

Benzohitrllt 


1 

2 

3 

4 

5 

6 

7 

9 

8 

10 

n 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 


0.05 

0.97 

1.00 

0.96 

0.96 

0.96 

0.44* 

0.82 

0.98 

0.99 

0.75 

0.90 

0.97 

0.97 

0.85 

0.97 

0.95 

0.95 

0.95 

0.95 

0.95 

0.95 

0.90 

0.95 

0.95 

0.95 

0.95 

0.95 

0.90 

0.90 

0.88 

0.90 

0.88 

0.88 


0.570 

T.031-' 

0.915 

C.srO. 

C.53>: 

1.02:^ 

1.5^' 

0.55*:, 

0.552^ 

4.3i; 
i.e*- 
0.23?: 
C.87y 
0-0*0  . 
C.55:  t 
C.961  ’ 
C.ScO  i 

2-3 
C.650 
C.7Z7  • 
C.727  \ 

A 

o*.e5  i 

0.671  : 
C.632  : 
0.79*  i 
C.827  ; 
O.SIS  j 
0.£C5  ' 
C.5X  [ 
0.735  I 
1.105  ‘ 
0.895  ! 


495 

92.1 

513 

5.® 

17.91 

C.20 

3.32 

T 

395 
17.21 
17.98 
3.02 
2.41 
3.87 
4.56 
l.OC 
0.9B 
17.21 
1C. 85 
0.32 
4.97 
1.66 
2.69 
4.59 
1.71 
0.96 
T 

5.06 

2.9C 

0.02 

9.85 

0.20 

3.17 

0.56 

0.77 


•Estimated 

«Th€  duplicated  analysis  of  the  oxidative  degradation  with  a  sample 
size  of  50.0  ng  frow  ambient  to  1CCC®C. 

^Corresponds  to  peak  mynters  in  Figure  72. 

^Relative  trapping  efficiencies. 

*4elati»e  response  factors  for  the  thennal  conductivity  detector, 
•umigrws  of  compound  produced  per  gram  of  poljm^r  as  r^easured  by 
analytical  techniques. 

^Non  rP-sample  that  -as  degraded  at  the  same  conditions. 
vAcfwiflxik  Fxctors  for  the  fli 


It  should  he  rensrcered  that  hydrogen-containing  fire  retardants  are 
expected  to  quench  the  chain  propagation  step  in  the  vapor  phase 
daring  ccrtusticn.  In  the  pressure  of  Sb202  chlorine  vould  forr. 
Sb2Cl2  cr  SbCCl,  liMch  act  as  very  effective  radical  quenchers. 


CHAPTER  IX 

SUMMARY  AND  CONCLUSIONS 

In  the  study  of  the  thermal  degradation  of  Nylon  6,  polyethylene 
terephthalate  (PET),  and  polycarbonate  polymers,  most  decomposition 
products  including  low-boiling  volatiles  (gases),  high-boiling  vola¬ 
tiles  (aerosols,  heavy  oils),  and  solid  residues  (chars,  particulates), 
were  identified  and  quantitated.  A  good  materials  balance  was  obtained 
with  these  three  different  step-growth  polymers,  both  for  the  pyroly¬ 
sis  and  the  oxidative  degradation  processes. 

The  study  of  the  degraaation  products  and  the  thenmal  behavior  of 
Nylon  6,  PET  and  polycarbonate  polymers,  led  to  the  development  of 
proposed  thermal  degradation  mechanisms.  The  mechanisms  were  found  to 
be  different,  depending  upon  the  basic  polymer  structures. 

The  principal  pyrolysis  process  for  Nylon  6  in  an  inert  environ¬ 
ment  was  that  of  a  rather  simple  depolymerization  reaction  which  led 
to  the  formation  of  c-caprolactam  and  oligomers  resembling  the  struc¬ 
ture  of  the  original  polymer.  Secondary  reactions  occurred  at  higher 
temperatures  which  led  to  the  decomposition  of  the  monomer  and  oli¬ 
gomers.  Homolytic  random  chain  scission  reactions  may  be  responsible 
for  the  formation  of  methane,  carbon  monoxide,  propene,  ethylene, 
ammonia,  carbon  dioxide,  water,  hydrocarbons, and  nitriles.  No  notice¬ 
able  char  formation  was  observed  during  the  pyrolysis  of  Nylon  6. 

In  an  air  environment  the  oxidative  reaction  was  competitive  with 
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the  pyrolysis  resctfcn.  The  oxidation  reaction  products  such  as 
cartson  rcncxide,  carbon  dioxide,  water,  hydrogen  cyanide,  and  nitriles, 
were  docinar.t  in  the  volatile  product  distribution.  The  total  arount 
of  c-caprolacta.'n  and  oligomers  recovered  from  the  oxidative  degrada¬ 
tion  process  decreased  to  approximately  one-third  that  observed  during 
the  pyrolysis  process. 

The  results  of  the  analysis  of  volatiles,  aerosols  and  non-vola¬ 
tile  solid  residues  at  several  stages  of  the  oxidative  degradation  of 
Tlylon  6  sug^st  that  the  major  degradation  step  occurring  between 
Z30-45D'C  is  ccrpcsed  of  the  competitive  reactions  involving  both 
pyrolysis  and  oxidative  degradation. 

A  weak  char  structure  was  formed  during  the  oxidative  degradation 
of  liylon  6-  This  char  was  later  decomposed  to  carbon  monoxide,  carbon 
dioxide,a.nd  water  at  elevated  temperatures. 

Under  the  conditions  of  high  heating  rates,  when  high  temperatures 
are  reached  in  a  short  time,  the  formation  of  c-caprolactam  and  oli¬ 
gomers  was  favored.  On  the  other  hand,  at  low  temperatures,  the  oxi- 
.dative  reactitxi  is  dominant,  as  was  indicated  by  the  results  of  the 
isothersal  oxidative  degradation. 

Unlike  the  decamposition  of  Nylon  6  polymer,  the  principal  thermal 
degradation  process  for  the  polyethylene  terephthalate  polymer  appeared 
to  be  randOE  scissions  of  polymer  chains.  Weak  linkages  in  the  PET 
structure,  such  as 

•  •  * 

'  -CtXVCH-O,  -C0*0-,  and  “(o^CO- 

mi  t 

were  broken  under  the  dynamic  heating  conditions. 
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As  contrasted  to  the  formation  of  a  weak  char  during  thermal  de¬ 
composition  of  the  Nylon  6  polymer,  a  greater  amount  of  a  strong  char 
was  formed  during  the  pyrolysis  of  PET.  This  char  was  stable  at  lOOD^C 
in  an  inert  environment  and  contained  a  high  concentration  of  carbon. 
The  stability  of  phenyl  ring  in  the  polymer  structure  may  be  responsi¬ 
ble  for  the  formation  of  this  strong  char  structure. 

It  can  be  estimated  that  the  weak  aliphatic  linkages  are  broken 
honolytically  at  lower  temperatures,  forming  low-boiling  volatile 
fragments  and  oligomers.  These  volatiles  and  some  of  the  more  volatile 
oligomers  were  carried  away  by  the  environmental  gas  stream,  and  the 
remaining  polymer  was  then  degraded  at  high  temperatures  to  form  a 
carbon-based  char  structure  by  stripping  off  low-molecular  weight 
compounds. 

The  oxidation  reaction  is  superimposed  on  the  basic  random  chain 
scission  mechanism.  The  oxidation  accelerates  the  degradation  of  PET 
by  attacking  first  the  aliphatic  part  of  the  polymer  structure.  The 
aromatic  part  would  be  also  decomposed  by  oxygen  at  elevated  tempera¬ 
tures.  Thus,  the  PET  was  completely  consumed  at  580®C  in  an  air 
environment. 

As  observed  in  the  degradation  of  the  PET  polymer,  the  principal 
degradation  reaction  of  the  polycarbonate  polymer  appeared  to  proceed 
through  random  chain  scission  reactions  along  the  polymer  chains.  Any 
weak  bonds,  such  as 
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ruptured  under  the  dynamic  heating  conditions  employed  in  this  study. 

The  char  formation  reactions  in  polycarbonate  can  occur  more 
readily  than  in  PET.  A  large  amount  of  char,  which  accounted  for  23 
percent  of  the  original  sample,  was  obtained  during  the  pyrolysis  of 
the  polycarbonate  polymer.  The  rapid  char  formation  would  be  attained 
^6  elimination  of  carbon  monoxide  and  carbon  dioxide  from 
the  carbonate  linkage  followed  by  the  decomposition  of  isopropyl i dene 
groups  at  higher  temperatures. 

In  the  oxidative  environment  it  is  probable  that  the  degradation 
of  isoproplyidene  groups  involved  oxidation  to  hydroperoxides,  followed 
by  extensive  chain  scissions  as  was  suggested  by  Lee.^®^^  The  forma¬ 
tion  of  Sisphenol-A  which  was  identified  only  during  the  oxidative 
degradation  can  be  explained  by  the  hydrolysis  of  polymeric  or  oligom¬ 
eric  units  contained  in  the  polycarbonate  polymer. 

The  fire  retardant  1,  2,  3,  4,  7,  8,  9,  10,  13,  13.  14,  14  - 
dodecachloro-  1,  4,  4a,  5,  6,  6a,  7,  10,  10a,  11,  12,  12a  -  dodecahydro- 
1.4:7.10-dimeth3nobenzo  [a.e.]  cyclooctane  (Dechlorane  Plus  515  produc¬ 
ed  by  Hooker  Checiical  Co.)  in  many  was  found  to  be  an  effective  fire 
retardant  for  the  Nylon  6  polymer.  This  fire  retardant  can  be  incor¬ 
porated  into  the  polymer  without  causing  appreciable  changes  to  the 
properties  of  the  polymer.  The  optimum  ratio  of  Dechlorane  Plus  515 
and  antimony  trioxide  which  was  used  as  a  co-fire-retardant  was 
determined  to  be  approximately  3.  At  least  30  PHR  of  Dechlorane  Plus 
515  and  10  PHR  of  antimony  trioxide  was  needed  in  order  to  impart 
effective  f ire-re tardancy  to  the  Nylon  6  polymer. 

The  results  of  the  analysis  of  the  products  from  the  oxidative 
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degradation  revealed  that  the  nature  of  volatile  products  was  not 
greatly  affected  by  the  inclusion  of  fire  retardants,  although  the 
quantity  of  organic  volatiles  decreased  with  the  increased  addition 
of  fire  retardants. 

As  it  is  apparent  from  the  results  of  this  study,  the  patterns 
of  thermal  degradation  reaction  of  three  step-growth  polymers  are 
different,  depending  on  their  basic  chemical  structures.  The  classi¬ 
fication  of  polymers  in  terms  of  their  production  routes  cannot  be 
applied  to  classify  the  pattern  of  the  thermal  degradation  of  poly¬ 
mers.  Nylon  6  undergoes  a  depolymerizatiori  process,  while  PET  and 
polycarbonate  are  degraded  through  random  chain  scissions.  ‘Jylon  6 
tends  to  yield  its  original  monomeric  unit  and  form  little  char  struc¬ 
ture,  while  PET  and  polycarbonate  mainly  form  oligomers  and  significant 
char  formation  was  observed.  The  amount  of  char  which  can  be  an  in¬ 
dicator  to  show  the  thennal  stability  of  polymers,  is  roughly  propor¬ 
tional  to  t.he  aromatic  carbon  content  in  the  original  polymer  structure 
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